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Preface
In this book a comprehensive account is given of experimental and theoretical
aspects of the growth of crystals from mainly malten salt and metallic solutions. Although several reviews have appeared on ftux growth, this is the first
extended account dealing in detail with this topic. Its preparation seemed
appropriate at this time since, firstl y, the subject is in a state of transition from
an art to a science and, secondly, the potential of high-temperature solution
growth for the preparation of crystals for research and applications is becoming
more and more apparent. The book is designed to become the standard reference work in the field of crystal growth frum high-tcmpcraturc solutions, and it
is hoped that it will stimulate both experimental and theoretical work on this
comparatively unexplored crystal-growth technique.
The book will be of assistance to both lecturers and students of graduate
courses in crystal growth and materials science, but it was primarily written
for those engaged in research and development in experimental crystal growth.
A review is included of the current situation of the relevant theory, and several
proposals for future research are indicated. Many of the principles are applicable to crystal growth from aqueous or organic solutions as weil as to several
crystallization processes in nature. Topics of general interest to crystal growers,
especially crystal characterization, are treated in detail and the book is, for the
most part, of interest to materials scientists, solid~state chemists and physicists,
electrical engineers, mineralogists, gemmologists and inorganic and physical
ch emists. It is assumed that the reader is somewhat familiar with the basic
concepts of crystal structure and crystal growth and with the principles of the
major crystal-growth techniques. Many references to review articles and books
have been included with the aim of facilitating reference to associated fields,
which are numerous because of the interdisciplinary nature of crystal growth.
Solution growth is the most widely applicable method of crystal growth
since solvents can be found for almost all materials. A central purpose of this
book is to demonstrate the potential of high-temperature solution growth for
classes of materials which are difficult to grow by other techniques or which
have been relatively neglected. Large crystals some centimeters in size and
several hundred grams in weight, inclusion-free and of a very high purity, have
been grown of several interesting materials, and pilot plants for production
ix

X
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of a variety of crystals and crystalline layers are expected to Iead to the development of large-scale production plants. Interest in high-temperature solution
growth was particularly stimulated by the development of devices based on the
epitaxial deposition of high-quality layers on crystalline substrates. Liquid
phase epitaxy is accordingly treated in a separate chapter where an attempt is
made to relate the film quality and device performance to experimental variables.
Most chapters are written as relatively independent units except for crossreferences where appropriate. This philosophy has resulted in a certain amount
of repetition, which should, however, assist the reader. In the first two chapters
an account is given of the basic concepts of HTS growth, its history and its
relation to other growth methods. Chapter 3 contains a detailed account of
solution principles, with emphasis on their relation to crystal growth. The
theoretical principles of high-temperature solution growth are outlined in
Chapters 4-6 and are related where possible to experimental observations.
Chapters 7 and 8 treat the experimental techniques for the growth of bulk
crystals and epitaxial films . Crystal characterization is considered in detail in
Chapter 9, and the final chapter and its Appendix contain an extensive tabulation of the crystals grown from high-temperature solutions.
The typescript and many illustrations were prepared by the Publications
Department of the IBM Zurich Research Labaratory under the supervision of
Mrs. D. Brüllmann who also devoted much of her time to proofreading. Our
task was greatly facilitated by the particular skills of Miss A. Huwyler,
Mrs. R. Wölfte and Mr. U. Bitterli of the Publications Department. We are
deeply indebted to the IBM Corporation, especially to Prof. Dr. K. A. Müller
of the IBM Zurich Research Laboratory, for continuous support and encouragement. The efficient and cooperative handling of the manuscript and preparation
of the book by the Publisher is very much appreciated. One of the authors
(H. J. Scheel) wishes to express his gratitude to Prof. Dr. F. Laves for his kind
encouragement and help and for introducing him to the field of materials science.
Finally, to our wives and children we express our deepest gratitude for their
patience and forbearance (sometimes !).
DENNJ S ELWELL
HANS

Partsmouth and Zurich
Apri/1975

J.

SCHEEL
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1.1. The lmportance of Materials Research
"We havc for some time Iabelied civilizations by the main material which
thcy havc uscd: The Stone Agc, the Bronze Age and the lron Age .. . a
civilization is both developed and limited by the materials at its disposal. . . .
Today, man Jives on the boundary between the lron Age and a New
Materials Agc." These words were used by Sir George Thomson, Nobel
prizewinner in 1937, and were quoted in a review of thc evolution of
materials science and technology by Promise I (1971 ).
lt is more valid today to say that the age of new materials is weil and
truly upon us. Novel metals such as titanium are increasingly replacing
steel for several applications, and metals generally are experiencing competition from ceramics, plastics and composite materials. The rate of
innovation is, of course, now so rapid that it has become erroneous to speak
of an "age"; the term is still widely used and the particular choice of
cmphasis- Atomic Agc, Electronic Age, Computer Age and so ondepcnds on the writer's personal viewpoint. Nevertheless it cannot be
denied that the development of new materials has contributed greatly to
the changes which have characterized the 20th century, particularly in
aviation, communications and packaging.
The rapid development of new materials has led to the creation of
materials science as a discipline in its own right. Materials science is an
integration of physics, chemistry, crystallography, metallurgy, ceramies
and glass technology and the need for new materials has resulted in a
breakdown of many traditional barriers. The new concept is that a "consumer" will specify the properties of the material required rather than
stipulating that it should be metallic, ceramic or plastic. As a result,
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scientific societies have tended to widen their scope with, for example,
metallurgical societies including plastics and non-metallic composites in
their conferences and discussions.
Materials scientists tend to have varied backgrounds, and are very rarely
trained in materials as such because of the slow rate of development of
degree courses in this discipline. The normal training of materials scientists
is chemistry, physics or metallurgy but it is not uncommon for electrical
engineers, mineralogists or geologists to move into materials science or
technology.
Crystal growth is a relatively small but important area of materials
science. lt is clearly more difficult to prepare single crystals than polycrystalline material and the extra effort is justified only if single crystals
have outstanding advantages. Their chief merits are the anisotropy,
uniformity of composition and the absence of boundaries between individual grains which are inevitably present in polycrystalline materials
and which Iead, for example, to optical absorption or scattering or to
trapping of conduction electrons. Grain boundaries are also absent in
glasses, which can be used for Iaser generation and some other applications,
but the absence of an ordered structure often has severe disadvantages. In
addition, there are many experiments which can be performcd only on
single crystals, such as measurements of magnetocrystalline anisotropy,
and which are vital for the detailed understanding of the properties even
of the polycrystalline material. The relationship between crystal growth
(or materials preparation ), characterization and physical properties is
shown in Fig. 1.1. Careful characterization should be made of all crystals
used and the resulting information used by the crystal grower in order to

•

Tr a c e A n a l~· .s i. .s
St ru ~t u r e

•

Cr y tt.a l

•

Cr y.s t.al Detact .s

•

hs i..: Ph:t t i lli:ii!. l Pr u part i a.s
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FIG. 1.1. Interrelation between crystal characterization, growth and properties.
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optimize the crystal growth technique. On the other hand, characterization
is necessary in order to validate any physical measurements.
The production by Stockbarger (1936, 1949) of 1500 fluorite crystals,
up to 15 cm in diameter, for military application in high-quality Jenses and
the successful synthesis of quartz crystals by Nacken during the second
world war initiated systematic crystal-growth activity, and further Stimulation was given by the development of the germanium transistor, by the
growth of ferroelectric BaTi0 3 (Blattner et al., 1947; Remeika, 1954), and
of magnetic garnets (Bertaut and Forrat, 1956; Geiler and Gilleo, 1957;
Nielsen and Dearborn, 1958).
The widest use of single crystals is probably that of ruby for bearings
(also as a Iaser material and as a gemstone) and that of silicon in electronic
devices such as the transistor. Silicon is normally preferred to germanium
because of its !arger band gap (1.1 eV compared with 0.72eV for Ge),
which results in a lower sensitivity to changes in temperature, but was
initially considered relatively difficult to prepare in single crystal form.
The increasing use of silicon, particularly in MOS (metal-oxide-semiconductor) and in LSI (large-scale integration) technology is favoured by
its outstanding crystallization properties and by the passivation by an oxide
Jayer formed directly on the silicon surface. It should not be forgotten that
the degree of perfection now possible has been attained only as a result of
considerable research and development investment of money and effort.
The III-V semiconductors have important advantages for certain applications; for example the high mobility of Carriers in GaAs favours the use of
oscillators, and GaP and its solid solutions with GaAs are now used as
light-emitting diodes.
This book dcscribes one method by which single crystals and thin film
layers may be obtained, namely by the use of solutions at high temperatures. In the various chapters theoretical and practical considerations will
be outlined for the growth of !arge crystals and of crystalline films having
a high degree of perfection. It is hoped that this discussion will stimulate
interest in crystal growth from high-temperature solutions and will
encourage more crystal growers to adopt solution techniques.
1.2. High-temperature Solution Growth
In the growth of crystals from high-temperature solutions (the abbreviation
HTS will be used extensively) the constituents of the material to be
crystallized are dissolved in a suitable solvent and crystallization occurs as
the solution becomes critically supersaturated. The Supersaturation may
be promoted by evaporation of the solvent, by cooling the solution or by a
transport process in which the solute is made to flow from a hotter to a
cooler region.
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The principal advantage of using a solvent is that crystal growth occurs at a
lower temperature than that required Jor growth from the pure melt. A reduction in the temperature is desirable or even essential for many materials,
in particular those in the following categories.
a. Those which are incongruently melting, that is which decompose before
melting so that crystallization from the melt results in some other phase.
b. Materials which undergo a phase transition which results in severe
strain or even fracture; crystals of such materials should be grown at
temperatures below this transition.
c. Materials which have a very high vapour pressure at the melting point.
d. Materials which have a very volatile constituent and whose chemical
composition may therefore change on heating close to the melting point.
e. Highly refractory materials which require difficult or expensive techniques for crystallization from the melt.
Other advantages of crystal growth from solutions are based on the fact
that the growing crystal is not exposed to steep temperature gradients and
that the crystal can grow in an unconstrained fashion, that is the crystal
can grow free from mechanical or thermal constraints into the solution and
so develop facets. This, in combination with the relatively low growth
temperature compared with the melting point of the solute, often results
in a better crystal quality with respect to point defects, dislocation densities
and low-angle grain boundaries, compared to crystals grown directly from
their own melt.
The disadvantages of the method are substitutional or interstitial incorporation of solvent ions into the crystal, microscopic or macroscopic
inclusions of solvent or impurities, non-uniform doping, a slow growth
rate and container problems.
Until recently it was comparatively rare for HTS techniqu es to bc
preferred over all possible alternatives on the grounds of crystal quality.
One of the principal aims of this book is to propose that these solution
techniques should be much more widely used because crystals and crystalline layers of high quality and purity and !arge size can be produced if
careful attention is paid to such questions as the choice of a solvent and the
experimental conditions for stable growth. Also homogeneaus doping and
solid solutions can be achieved under adequately controlled conditions.
The subject of crystal growth from high-temperature solutions includes
a number of related techniques which are often treated separately. The
most widely used is flux growth in which the solvent is a molten sah or
oxide, or a mixture such as PbO + PbF 2 • The use of the word "ftux" for
the solvent is derived from the more general use of this term for a substance
used to reduce the melting temperature, or to dissolve oxides as in soldering.
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Thc term growth from non-stoichiometric melts is sometimes used to include
all cases where crystals are grown from a liquid containing only the crystal
constituents but of a composition which differs from that of the crystal.
The scope of this book includes this technique along with "flux growth"
and also growth from metallic solvents.
Liquid phase epitaxy (LPE) is a technologically important process in
which a thin layer of crystalline material is deposited from solution onto a
substratc of similar composition or surface structure.
Thc Iiterature of high-temperature solution growth, as for all aspects of
crystal growth, is very widespread. In addition to the more specialized
journals such as the Journal of Crystal Growth, Materials Research
Bulletin, Journal of Materials Science, and Kristall und Technik, a very
!arge number of journals on crystallography, physics, chemistry, metallurgy,
ceramics, mineralogy and electronic technology may contain articles
dealing partly or wholly with HTS growth .
Although this book is the first on the subject an extensive number of
review articles have appeared over the last ten years. Reference is made to
Laudise (1963), White (1965), Schroeder and Linares (1966), Cobb and
Wallis (1967), Roy and White (1968), Luzhnaya (1968), Laurent (1969),
EI weil and Ncatl: ( 1<J71 ), Chase ( 1971 ), N idsm ( 1972), ßricc ( 1973), El\\-cll
( 197 5) and \\'anklyn ( 1975). Although review articles have bcen used in
the compilation of this book, the subject matter has been synthesized from
the original articles and any interpretation of theory and of observations is
our own or that of the original authors.
The terms "high temperature" and "solution" are not exactly defined in
the context of this book. The experiments described are normally in the
range from 300°-1800°C and the solute concentration is usually between
1% and 30% in terms of either molar or weight fraction. Some examples
\vill, however, be discussed where the solute concentration is as high as
80% or 90% . Crystals grown from HTS are normally facetted, but again
exceptions will be occasionally encountered in the text. Clearly the
boundaries between HTS and other grov,rth methods may be only roughly
specified; the principal alternative growth methods are described briefly
in the next section.
The boundary between solution growth and growth from a doped melt is
particularly difficult to define. The distinction which will be made here is
that in the latter case the dopant is added in order to change some property
of the crystal by virtue of its presence in the lattice. In solution growth the
"dopant" is added to the melt in order to lower the crystallization temperature and is rejected by the growing crystal under ideal conditions.
The most popular materials grown from high-temperature solution are
oxides crystallized from molten salts and this emphasis is reflected in the

6

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

subject matter of this book. However, all types of solute and solvent will
be considered, with the important exception of hydrothermal growth in
which the solvent is water at high temperatures and pressures (the hydrothermal technique would justify an independent treatment in the form of a
book).
We have included the vapour - >liquid- .,.solid (VLS) process in which
solute constituents are supplied by transport in the vapour phase. Examples of crystal growth under extreme conditions (e.g. high pressure)
will be considered, including the technologically important crystallization
of diamonds. In both the VLS process and the growth of diamonds the
amount of solvent relative to solute is generally small but the inclusion of
these two processes is justified here because of the vital role of the solution
stage.
1.3. Alternative Methods of Crystal Growth
Single crystals may be produced by the transport of crystal constituents in
the solid, liquid or vapour phase. An introduction to the general problems
and classification of crystal growth methods has been given by Laudise
( 1970), who refers to some earlier reviews. The various methods may be
classificd as outlined below.
1. Crystal growth from the solid state. Polycrystalline solids contain a
very !arge number of crystallites and crystals of useful size may be obtained
if a few of these can be made to grow preferentially with the elimination of
their neighbours within the material. Such recrystallization may be achieved
by straining the material and subsequently annealing it, or by sintering, and
is possible only in those materials which are stable at the high temperatures
where appreciable diffusion can occur. Large crystals of several materials,
particularly metals, have been obtained by this method which probably
deserves more attention than it receives at present. It is, however, unlikely
that any process which is carried out in the solid state can reproducibly
result in crystals with the necessary high quality required for many
applications.
2. Growth from the pure melt. Crystallization by fusion and resolidification of the pure material has many advantages from both the theoretical
and experimental viewpoints. Apart from possible contamination from the
crucible material and the surrounding atmosphere, no impurities are
introduced in the growth process and the rate of growth is normally much
higher than that possible by other methods. Mainly for the latter reason,
melt growth is commercially the most important method of crystal growth.
With favourable materials the crystal quality can be extremely good and the
commercial production of dislocation-free silicon is one of the major
advances in the field of crystal growth. There are, however, a !arge number
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of materials which cannot be crystallized from their pure melts for the
reasons outlined in the previous section. Even when melt growth is possible,
as in the case of alumina Al 2 0 3 and spinel MgAI 2 0 4 , a solution method
may be preferred on the grounds of crystal qt.ality. Growth from the melt
is the subject of a book by Brice (1965, 1973).
3. Growth from the vapour. A wide variety of materials may be grown
from the vapour phase and the reaction equilibr:a arc now weil understood
for many systems. With certain materials growth may occur using a single
component system, by sublimation-condensation or sputtering. Molecular
beam techniques have also been applied recently to crystal growth problems.
The most frequently used method for the growth of bulk crystals
utilizes chemical transport reactions in which a reversible reaction is used to
transport the source material as a volatile species to the crystallization
region. The book by Schäfer (1962, 1964) and the review of Nitsche
(1967) are strongly recommended as an introduction to this subject, and
Kaidis (1974) discusses thc principles of crystal growth from the vapour
phase.
The limitations of chemical transport are partly of chemical origin,
especially th e problern of finding a suitable transporting agent, and
formidable difficulties arise if it is necessary to produce uniformly doped
materials or solid solutions. In addition, it is rarely possible to grow !arge
crystals because of multinucleation, although exceptions such as Al 20 3 ,
CdS, ZnSe, GaP, GaAs and Cd 4 GeS 6 are known. The commercial importance of vapour growth is in the production of thin layers by chemical
vapour deposition (CVD) where usually irreversible reactions ( e.g. decomposition of silicon halides or of organic compounds) are used to deposit
material epitaxially on a substrate. CVD may often be used as an alternative
to liquid phase epitaxy.
4. Growth from aqueous solution. The simplest and oldest method of
crystal growth is that from aqueous solutions. Enormaus quantities of
materials such as sugar, salt and of inorganic and organic chemieals are
crystallized from solution in water, and excellent quality crystals of such
ferroelectric and piezoelectric materials as ammonium dihydrogen phosphate ADP, potassium dihydrogen phosphate KDP and triglycine sulphate
TGS are commercially grown for use in electronic devices. Chemical
instability or the requirement of an appreciable solubility in water excludes
a number of classes of materials from being crystallized from aqueous
solutions, a low solubility arising either from a different type of bonding
(mctals, semiconductors, covalent compounds) or from a high lattice energy
(many meta! oxides).
Substances with a low solubility in water can be grown by the gel
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technique which has been reviewed by Henisch (1970). The principle relies
on the slow migration of crystal constituents (ions) through an inorganic
(Si0 2 x ll 20) or organic gel so that a vcry slow reaction occurs with thc
formation of the sparingly soluble compound. When the concentration of
this compound exceeds the solubility Iimit crystals will be formed, the
main function of the gel being to control the slow flow of the reacting ions.
From the gellarge crystals have not yet been obtained but the gel technique
is a useful tool for exploratory research as weil as a fascinating hobby for
crystal growers who may observe the slow crystallization process in a test
tube.
5. Growth from nonaqueous solvents. There are quite a number of ionizing
solvents which show similar solvent characteristics in some respects to
water, for example the liquids HF, S0 2 , H 2 S, NH 3 , SbBr 3 and POCI 3 •
However, these solvents also show remarkable differences from water and
are therefore capable of dissolving a number of elements and compounds
insoluble in or chemically reactive with water. Systematic crystal growth
from the above ionizing solvents has not yet started.
The growth from solution (in ionizing or covalent solvents) of polymers
and crystals of biochemical interest is also a little-explored but very
important fi eld. I ,ittle crystal growth of organic compounds from covalent
solvents is performed although the organic ehernist uses recrystallization
from solvents or solvent mixtures as a standard purifying process.
6. Hydrothermal growth . A number of metals, metal oxides and oth er
compounds practically insoluble in water up to its boiling point show an
appreciable solubility when the temperature and pressure are increased
weil above 100°C and one atmosphere, respectively. Therefore these
materials can be grown by the hydrothermal method reviewed by Ballman
and Laudise (1963), oxides generally being grown from alkahne and metals
from acid solutions (Rau and Rabenau, 1968). The requirement of high
pressures presents practical difficulties and there are only a few crystals of
good quality and )arge dimensions grown by this technique. The outstanding example of industrial hydrothermal crystallization is qu artz
(Si0 2 ) which is produced in ]arge vessels for the manufacture of commercial piezoelectric crystals. Hydrothermal growth might in several other
cases be an alternative to HTS growth when )arge high-quality crystals or
layers are needed. One serious disadvantage of this techniqu e is the
frequent incorporation of OH - ions into the crystals which makes them
useless for many applications.
7. Comparison with high-temperature solution growth. Although no
rigorous rules may be established for the general evaluation of a growth
method, the following criteria will be of importance in the assessment of
any method.
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a. The universality, that is the number of materials to which the method
may be applied.
b. The size and quality of the crystals grown.
c. The requirements on apparatus and chemicals.
d Thc requirements on experience, theory and time.
e. Particularly in industrial applications, the crucial factor is thc cost per
acceptable crystal or layer.
Thc greatest general advantage of HTS growth is its wide applicability.
Exccpt for those organics, hydrates and similar compounds which dccompose at relatively low temperatures, there seems to be no Iimitation to
the type of crystal which can be grown from high-tempcrature solution.
In most cases a practical solvent can be found and also growth from nonstoichiometric melts is often possible. The use of HTS growth for the
crystallization of oxides is weil known but it may not be widely appreciated
that such materials as nitrides, borides and carbides may often best be
grown from solution.
Until comparatively recently, nucleation was a major problern and the
majority of crystals grown from HTS were rather small. This problern
has now bcen largcly solvcd by gcncral advanccs in tcchniqucs and by
greater understanding of the growth mechanisms. Large crystals, weighing
in some cases over 200 g, have now been produced of a variety of materials
ranging from yttrium iron garnet (Y 3 Fe 5 0u), Iithium ferrite (LiFe 5 0 8 ),
gadolinium aluminate (GdAI0 3 ) and barium titanate (BaTi0 3 ) to
Ba 2 MgGe 2 0 7 , ruby and emerald (see Chapter 10).
The quality of HTS-grown crystals may vary considerably but generally
it is a function of the effort (experience, cost, time) devoted to the growth
of high-quality crystals. Normally the crystals will contain a higher concentration of impurities than crystals grown from the melt, but will have
a lower concentration of equilibrium defects such as vacancies and
frequently a lower dislocation density. As an example, the dislocation
density of Al 2 0 3 crystals grown by a variety of crystal growth techniques
is shown in Table 1.1. In this comparison, which Iooks very favourable for
HTS growth, it should be remernbered that a number of defects do not
depend only on thc growth technique but originate from the cooling
procedure of the crystal after growth and from any mechanical cutting,
grinding and polishing processes. Evidence for the high quality which may
be achieved in HTS growth is provided by the observation by Nelson
and Remeika (1964) of Iaser action in an as-grown crystal of ruby a
few mm in length, which was silver plated on its natural growth
faces.
Apart from the problem of chemical contamination by substitution and
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inclusions which may occur as the crystals are grown in the presence of a
!arge mass of impurity (the solvent), the main handicap of HTS growth
isthat the maximum stable growth rate is relatively slow (see Chapters 6, 7).
This Iimitation can be a severe disadvantage compared with melt growth
for the production of !arge crystals.
TABLE 1.1. Measured Dislocation Densities of Alumina Al 2 0 3 and Ruby AJ,O,: Cr
Crystals Grown by Various Techniques
Technique

Range of dislocation or
etch pit densities per cm 2

High-temperature
solution growth

0- < 10'
0- < 10 2
0-~1o•

Flame fusion growth

Plasma fusion growth
Czochralski growth

Bridgman-Stockbarger
type
Electron beam technique
Hydrothermal growth
Vapour growth

10•-to•
10 3-10'
10 2
1o•-1o•
6.10'-5.10"
1o•-1o•
3.10'-2.10'
4.10 5-5.10 6
7.10 5-7.10 6
2.10 3-8.10 5
10'-1 o•
10 2-10 3
10 5
1.10 2-5.10'
8.10'--4.10 5
2.1 o•-1.1 o•
~1o•

Natural crystals

1-5.10'

Reference

Belt(1967b)
Janowski et al. (1965)
Linares (1965)
Champion and Clemence (1967)
Sahagian and Schieber (1969)
Stephens and Alford (1964)
White and Brightwell (1965)
Sahagian and Schieber (1969)
Champion and Clemence (1967)
Alford and Bauer ( 196 7)
Sahagian and Schieber (1969)
Alford and Bauer (1967)
Sahagian and Schieber (1969)
Belt (1967a)
Cockayne et al. (1967)
Schmid and Viechnicki (1970)
Sahagian and Schieber (1969)
Sahagian and Schieber (1969)
Sahagian and Schieber (1969)
Schaffer (1964)
Sahagian and Schieber (1969)

Although the cost of the furnace and other ancillary equipment is
relatively low, a further disadvantage is encountered in the majority of
experiments where the only satisfactory crucible material is platinum.
This material is very expensive and crucibles often form the major item of
capital expenditure. This problern is serious only in the initial stages of
development since the cost of reclamation and refabrication of damaged
crucibles is low. As with all crystal growth experiments, the cost of
materials can be extremely high, but this depends on the amount of
contamination which can be tolerated in the crystals grown and therefore
on the necessary purity of the starting materials.
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The problems mentioned will be examined, tagether with the advantages of HTS growth, at various points in the text.
1.4. Applications
Crystals grown from high-temperature solutions are used both for
academic research and by industry, and we shall consider these catagories
separately.
Research use

One of the most important uses of HTS growth is in the synthesis of new
materials. Several examples are known of materials which were first
formed either by accident or during systematic studies of novel salutesolvent systems. This type of study has been mainly performed on compounds of the transition metals and the rare earths, especially complex
oxides. There remains a !arge area for further study, for example of compounds of the palladium and platinum transition groups, and it is certain
that there are many materials with interesting magnetic properties which
await discovery.
Of even greater importance is the vital role particularly of flux growth
in the preparation of materiaJg in single crystal form for the first time.
Many examples may be quoted of materials which were first crystallized
from solution prior to the development of now more familiar methods.
The synthesis of crystals of new materials has led to important advances,
particularly in magnetism, ferro- and piezoelectricity and Iaser research.
The rapid growth in the number of materials available in single crystal
form has led to the establishment of materials information centres in a
number of countries,t and the excellent service operated by T. F. Connolly
has made a valuable contribution to materials research and has benefitted
crystal growers and consumers in many countries. The main value of the
information centres is that they prevent much duplication of effort and
encourage the maximum benefit to the scientific community of centres
specializing in the preparation of materials. Where duplication cannot be

t United States: Research Materials Information Centre, P.O. Box X, Oak
Ridge, Tennessee 37830 (T. F . Connolly).
France: Centre de Documentation sur Ies Syntheses Cristallines, Laboratoire de
Physique Moleculaire et Cristalline, Faculte des Sciences, Chemin des Brusses,
34-Montpellier (MIIe A. M. Vergnoux).
Britain: Electronic Materials Unit, Royal Radar Establishment, Malvern,
Worcs. (0. C. Jones).
Germany: Prof. R. Nitsche, Institut f. Kristallographie d. Universität, 78
Freiburg i. Br., and Dr. A. Räuber, Institut für Angewandte Festkörperphysik der
Fraunhofer-Gesellschaft. 78 Freiburg i. Br., Eckerstrasse 4.

12

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

avoided it is desirable that original crystal growth experiments be repeated
with a minimum of effort and therefore that the original publication
should contain sufficicnt information to allow easy repetition.
Exploratory materials research cannot be expected to yic!J crystals
which are !arge or of very high quality and much further effort may be
required to produce crystals which are suitable for more demanding
experiments, such as electro-optic modulation or acoustic experiments.
The production of !arge crystals of good quality normally requires more
sophisticated techniques and a better understanding of the phase diagram
and the growth mechanism.
Increasing attention is being given to the deposition of thin films by
liquid phase epitaxy. Provided that the lattice parameter match between
the film and the substrate is good and the substrate itself is relatively free
from defects, the quality of the films can be extremely high. If the experiment can be performed on such films, their use has the great advantage
that relatively little time is required for the growth process, and so one of
the major disadvantages of solution methods can be overcome.
lndustrial materials
The materials which have been crystallized from high-temperature golution
in industry may be divided into th e categories listed below.
1. Magnetic oxides. Insulating magnetic materials, especially yttrium
iron garnet or YIG (Y 3 Fe 5 Ü 12), find several applications in the communications field. As an example, small spheres of single crystal YIG are
used in the Telstar satellite system. D. A. Lepore of Airtron, the major
commercial suppliers of magnetic garnets, has estimated that the current
market for such crystals is in the region of SZS0-300,000. The plant used
at Airtron for their garnet production is shown in Fig. 1.2.
Marriott (1970) describes the design and performance of tunable
bandpass filters, which utilize ferromagnetic resonance in YI G, and of
power Iimitcrs which are based upon the nonlinear processes which occur
at high microwave power Ievels. The same author also discusses the use of
a YIG sphere to control the frequency of a Gunn oscillator; the basis of
this device is that the oscillator is coupled to a resonant "cavity" provided
by the YIG sphere in an applied magnetic field.
Some applications of YIG crystals are also discussed by Schmitt and
Winkler ( 1970), who describe filters, delay !in es and magneto-optic
modulators. The delay lines are based on phonon propagation in YIG at
microwave frequencics and can introduce a variable delay time with low
insertion loss. Magneto-optic modulation has been proposed as a means of
transmitting information on a Iaser beam, using the Faraday effect. A
device for short-range communication by magneto-optic modulation of an

l.
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FI G. 1.2 . Plant used fo r large-sca le produ cti on of crys tals from flux ed mclts
(cuu rtesy D. A. L epo re, Airtron Division of Litton lndustri es ln c.).

infra-red bea m has been produced. Large YIG crystals (with relatively
!arge regions of inclusions) have been prepared from !arge (4-Sl) crucibles
by Adams and N ielsen (1966) and by Grodkiewicz et a/. (1967). L arge
inclusio n-free ga rnet crystals were produced by Tolksdorf and Welz (1972)
for some of th e applications mentioned, using a stirring technique deve loped by Scheel (1972) .
T he most lively interest in magn etic materials at present concerns the
development of dev ices based on thin ga rnet films which exhibit cylindrical
domains with the ax is of magneti zation normal to th e plane of the film.
These cylindri ca l or "bubble" domains are highly mobil e and their use
has bee n proposed for memory devices. Such devices are still in the
deve lop ment stage but th e fi.lm s whi ch have bee n prepared by th e LPE
process appear at prese nt to be of greater promise th an those grown by
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chemical vapour deposition, hydrothermal epitaxy or by sputtering and
pilot plants for LPE production of bubble fi.lms have recently been
constructed.
2. Lasers. Mention has already been made of the observation by Nelson
and Remeika (1964) of laser action in as-grown ruby. Comparative studies
of the quality of ruby crystals for laser applications such as that of Bradford
et al. (1964) show that HTS-grown crystals have important advantages
over those grown by other methods. However, crystals grown by the
Czochralski method are normally preferred in practice since crystals of
adequate quality can be prepared relatively rapidly.
3. Semiconductor de·vices. The development of the LPE process by
Nelson (1963) has ensured an important role for solution growth in semicond uctor device technology. Bulk crystals of II I-V semicond uctors are
normally grown from the melt, and LPE is used to form p-n junctions
by deposition of a thin layer of doped material. Semiconductor diodes are
used as Iasers, microwave generators and particularly for light-emitting
devices. LPE-grown materials are normally preferred because of a higher
efficiency than can be obtained by alternative methods. Examples are
reported by Rupprecht (1966) for GaAs Iasers and by Panish et al. (1971)
for AlxGa 1 _xAs room temperature continuous Iasers, by Kang and Greene
( 1967) and Solomon (1968) on high resistivity-high mobility GaAs layers
with excellent photoluminescent properties, and in a review by Casey and
Trumbore (1970) on light-emitting diodes. The latter devices are now
produced commercially by LPE and the value of the annual production is
probably much high er than that of magnetic garnet crystals.
Thin film microcircuits require insulating substrates, preferably of high
thermal conductivity. Comparisons of MgA1 2 0 4 substrate crystals grown
by various methods were performed by Wang and McFarlane (1968) and
by Wang and Zanzucchi (1971) who found that the flux-grown material
had much the lowest dislocation density. It seems clear that solution
methods would be used for the production of MgAI 2 0 4 substrates if large
crystals could be grown quickly and reproducibly. The material which is
potentially the most attractive for substrates is BeO, on account of its high
thermal conductivity. Further work is necessary on establishing the
optimum conditions for growth of this material, and it presents hazards
because of its high toxicity, but the work which has been done to date has
shown that suitable crystals could be grown from HTS with little further
development effort.
4. Nonlinear optical materials. Many dielectric materials have been
crystallized from high-temperature solutions and several applications
have been envisaged, particularly of materials which are piezo-, pyro- or
ferroelectric. Potentially the most important application appears at present
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to be as nonlinear optical materials for modulation and second-harmonic
generation of Iaser light as a means of communication with a high density
of information transmission.
5. Gemstones. The high value placed on gems for use in jewellery has
led to many attempts to synthesize and imitate natural gemstones, and the
importance of early experiments in the development of high-temperature
solution growth will be discussed in the next chapter. Synthetic emeralds
and rubies are marketed on quite a !arge scale, the most important producers being Union Carbide (Linde Division) and C. F. Chatham in the
U.S.A., P. Zerfass in Germany and P . Gilson in France. The wholesale
value of synthetic emerald production may be in the region of S1-2 million .
Chatham and Gilson use a flux method, since the stones produced most
closely resemble the natural gems in colour and in the nature of the
inclusions. This is one area of solution growth where the solvent inclusions
are considered beneficial! Chatham claims that his emeralds take over a
year to "mature" but it is unlikely that such a period is really necessary
since the process is almost certainly seeded growth from a flux (Flanigen
et al., 1967), probably Iithium molybdate or tungstate, vanadium
oxide or Iithium vanadate. The high-quality emeralds grown by Linde
are produced hydrothermally. Chatham also produces rubies for gemmological use and flux-grown rubies are also marketed under the name
"Kashan". The !arge difference in price, which can be a factor 103 or
more, between natural and synthetic gemstones naturally encouragcs
attempts to pass synthetic stones as natural products. It is perhaps remarkable that natural emeralds and rubies have retained their high value
when the differences between these and the flux-grown stones are marginal
and take an expert to detect, and the gemmological trade need to be
extremely vigilant in their tests to distinguish natural from synthetic stones.
Diamonds are now produced synthetically in several countries and
synthetic stones account for about a fifth of the world supply of industrial
diamonds. The method requires extremely high temperatures and
pressures, but the graphite-diamond transition occurs as an exsolution
process from a metallic solvent as will be discussed in Chapter 7. Stones
weighing several carats (1 carat = 0.2 g) have now been produced (up to 1
carat of gern quality) but the sole application of synthetic diamond at
present is in cutting, grinding and polishing in industry. Approximately
20 tons of graphite have been transformed to diamond by the General
Electric Company alone.
6. Electro-crystallization. Electrolysis of fused salts is normally used
for the commercial production of metals such as aluminium, and has great
technological importance. The process of crystal growth from fused salts
is analogous in many respects, except for the requirement of electron
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transfer in deposition of the meta!. Fused salt electrolysis has been used to
grow crystals of oxides in reduced valence states (Kunnmann, 1971) and it
has also bccn proposcd to usc this mcthod for crystal growth of compound
semiconductors (Cuomo and Gambino, 1970).

I.S. Current Problemsand Future Trends
High-temperature solution growth is progressing gradually from an art to
a science. At present, experimenters would find it difficult to give a convincing explanation for their choice of several of the operating conditions
and other variables. Crystallization from solution is a complex process and
only a few experiments are understood quantitatively.
A major problern which awaits clarification concerns the detailed nature
of the processes which occur in the solution. Little information is available
on the nature of the solute-solvent interaction, the association and dissociation of ions or on the formation of complexes in the high-temperature
solutions. It is particularly difficult to give any confident statement regarding the processes in the vicinity of the crystal-solution interface. The
questions of prearrangement or dustering of the ions or molecules in the
diffusion boundary layer or at the crystal surface and of the nature of the
desolvation stage are still largely open. The crystal itself is, of coursc,
relatively easy to examine since it is comparatively stable, but the structure
of the solution is a very wide field for future research .
lt is fascinating to picture crystallization from solution on an atomic
scale. Although this process is slow in comparison with growth from the
melt, it does involve the ordered arrangement of 10 to 100 or morc
molecular layers on the crystal surface every second, with the rejection of
an equivalent amount of solvent. One must hope that the latest techniques
of physical chemistry will soon be applied to the clarification of the detailed
Stages involved, as discussed in Chapters 3 to 6.
The theory of crystal growth generally is at best understood only semiquantitatively, since there remain several parameters which appear in any
detailed theoretical treatment which cannot be assigned a value any more
reliable than an order-of-magnitude estimate. At present most progress is
hoped from computer simulation of nucleation and crystallization processes
and from comparison of the results obtained with surface observations or
with measured nucleation and crystal growth data . More quantitative
studies are required of crystal growth under carefully controlled conditions, and measurements of such parameters as the viscosity of the
solution and the diffusion coefficient of the solute are normally lacking for
systems of interest in crystal growth.
Many more materials could be crystallized from solution than at present.
Until now, ftux growth has been used almost exclusively for oxides and the
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LPE process has been mainly concentrated on III-V semiconductors and
on magnetic garnets. There has been, for example, little work on carbides
( cxcept for SiC), borides, sulphides, selenides and tellurides, pnictides,
intermetallic compounds and on some complex oxidessuch as germanates.
In only very few cases have intensive efforts been made to grow crystals
weighing more than a few grams. It is clear that many more crystals could
be grown to 100 or 200 g if systematic attempts were made to find a good
solvent and to optimizc the conditions of growth.
As industrial uses of more sophisticated materials grow, a stage could be
cnvisaged where high-temperature solution growth will be used for
industrial crystallization with batches of say 100 kg of crystals. Criteria
for the design of such crystallizers are available for some systems, at least
to approximately the Ievel of confidence now used for crystallization from
aqueous solutions. Production on such a scale might be necessary if
solution methods are to be competitive for a wide range of materials on
economic grounds.
In summary, we believe that the subject of crystal growth from hightemperature solution is still relatively unexplored. Major advances are
likely in the next few years in the understanding particularly of the nature
ut solutiuns anJ of thc intcrfacc kinctics. Othcr problemssuch

<lS

nucl ea tion

and the effects of impurities are also little understood at present. On the
practical side there remain many interesting materials which have still not
been crystallized and many more of which crystals arenot available in good
size or quality. Increasing use of technologically important materials such
as yttrium iron garnet may require the development of apparatus for bulk
crystallization from high-temperature solutions.
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2.1. Development of ldeas on Crystals and Crystallization
Gems and crystals have always attracted mankind, and the belief in the
virtues of gems and some minerals dates back at least two thousand years.
The use of gems for jewellery originates from even earlier times, but in the
early stages the colour and transparency were the main attractive factors.
Beads were clearly considered of value by Bronze-age chieftains and unfacetted gems of many colours were used in the crowns of emperors and
kings. The facetting of gems began only in the 15th century and cutting,
cleaving and polishing techniques were subsequently developed in order
to enhance the "fire" of gems, that is the inherent optical effects which
arise from their high refractive index and dispersion.
Crystals as such were not recognized until comparatively recently
although their forms were frequently admired and described. Accordingly,
there was no general word for crystals, only specific names for gems and
other minerals and for certain salts. According to Marx (1825), Homer
(8th century B.C.) in his works "Ilias" and "Odysseus" was the first to use
the word "crystallos" in the sense of "ice", and only since the time of
Plato (427-347 B.c.) was "crystallos" also used for "rock crystal". The
transparency of quartz crystals led Diodorus Siculus (around 30 B.c.) to
the idea that they are formed from pure water which solidifies through the
power of a godlike fire. Seneca (about A.D. 0-65) and Pliny (A.D. 23-79)
believed that rock crystals were formed by "condensation" of water du ring
a period of cold Iasting up to several centuries. This belief survived
seventeen centuries and was mentioned in an encyclopedia by Gleditsch
in 1741. Boyle (1672) and Hottinger (1698) were among the first to provc
that rock crystals were not formed from ice.
"Crystal" was for several hundred years identified with quartz = rock
crystal (crystallus montius), but the dissertations of Hottinger (1698) on
20
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"Krystallologia" and of CapeHer ( 1723) on "Prodromus crystallographia"
initiated the gencralization of the word crystal. Bartholinus ( 1669) had
previously uscJ "crystal" for othcr minerals (crystallus islandicus = calcite)
and Hagendorn in 1671 had uscJ thc tcrm for organic crystals like "crystalli
benzoes". "Quartz" (first mentioned by Agricola, 1530) became the
scientific name for rock crystal, see Tomkeieff (1942), but it took about
200 years before the generat term "crystal" gained wide acceptance, and
several authors of the 17th and 18th centuries still used cxpressions like
"corpora angula" and "figured stones", while "icicles" \vas used to describe
needle-like crystals.
"Crystallisatio" was used for crystallization from the 17th century,
whereas in earlier times expressions like condensation or coagulation were
used for the process of crystal formation. I t was difficult for the scientists
ofthat time to understand how hard crystals could be formed from a clean
and "soft" liquid. The concept of solutions was also not developed
although Anselmus Boetius de Boodt (1609) distinguished between the
cvaporation and slow cooling techniques for crystallization from solution.
According to Schoen and colleagues (1956) mankind has obtained salt
from natural deposits as weil as by artificial preparation since the earliest
rccorded history, and Caldwell (193S) reports that artificial evaporation
and crystallization of salt is shown on a Chinese print of 2700 B.C. Crystallization of salt was also described on the Egyptian "Papyrus Ebers" of
about 1500 B.C. and by Aristoteles (384-322 B.c.). Other early crystallization processes are the preparation around 300 B.C. of sugar from sugarcane syrup in India mentioned by Ray (1956) and the crystallization of
cupric sulphate (blue vitriol) and of a few other salts described by Pliny in
his work "Naturalis Historia". Similar crystallizations were also reported
by Arabian alchemists of the 9th to the 11th century. Birringuccio (1540)
described in detail the preparation and crystallization of saltpeter, and
Agricola (1546) described the crystallization of salt and stressed the
importance of this material for mankind. The knowledge of his time was
setdown by Libavius in his textbook of alchemy (1597).
The alchemist Geber (whose works according to Darmstaedter (1922)
were written in the 12th or 13th century, possibly in South ltaly or Spain
and who is frequently confused with the Arabian alchemist Dschabir Ibn
Haijan of the 9th century) mentioned the purification of several salts by
recrystallization, and also described sublimation and distillation. Geber
believed in the transformation or "ennobling" of metals and since he
applied many high-temperature processes it is probable that he occasionally
grew crystals from high-temperature solutions. In his work "Summa
Perfectionis Magisterii" he discussed the various opinions of that time on
alchemical processes and concluded that special conditions such as a
B
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"medium heat" are required to prepare (crystallize) metals and that the
quality of the products depends also on the arrangement of the stars. The
belief in the infiuence of the stars goes back to the Babylonians and was
also mentioned by Plato. Furthermore, Geber argues that it must be easier
to prepare the minerals and metals despite their dense structure than to
imitate animals like oxen and goats because the latter have souls and
somehow a higher degree of perfection !
This argument shows clearly that there was a very vague conception
of the structure of crystals and thus of the crystallization process until thc
17th century. Although Democritos (about 470-400 B.C.) had already
expressed his ideas on indivisible particles of matter, the atoms, it was not
until the year 1611 that Kepler concluded from the regtdar hexagonal form
of snow crystals (De nive sexangula) that they are built up by a regular
arrangement of small spherical particles. Thus Kepler was probably the
first to describe the principle of order in crystals, caused by attractive
forces or by pressure from outside. His ideas were extended by Robert
Hooke who wrote in his work "Micrographia" in the year 1665:
I think, had I time and opportunity, I could make probable, that all these
regular Figures ... arise only from three or four several positions or postures
of globular particles, and those the most plain, obvious, and necessary conjunctions of such figur'd particles that are possible .... And this I have ad
oculum demonstrated with a company of bullets, and some few other very
simple bodies; so that there was not any regular Figure, which I have hitherto
met withall, . . . that I could not with the composition of bullets or globules,
and one or two other bodies, imitate, even almost by shaking them together.

Huygens in 1960 postulated fiattened spheroid particles of calcite (Niggli,
1946) and Newton (1730) believed that crystals consist of small indivisible
particles of "several sizes and figures" (Burke, 1966) which might even be
irregular.
In contrast to this regular packing of spheres or similar molecular forms,
another point of view on crystalline arrangement was that of Bartholinus
(1669), Bergman (1773) and Haüy (1784), who postulated that crystals are
built of small geometrical units, cubes in the case of salt and rhombohedra
in the case of calcite. This geometrical view of the structure originated not
only from corresponding forms of certain as-grown crystals but also from
the cleavage characteristics of many crystals. According to Smith (1960),
Grignon in 1775 was the first to recognize that metals consist of small
crystallites and his dendrite drawing is often reproduced.
The rule of the constancy of angles between crystal faces introduced by
Steno (1669) and Bartholinus (1669) became fundamental for the correct
recognition of crystal habit (as discussed further in Chapter 5) and thus
for the development of the crystallographic and mineralogical sciences,
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although it was Guglielmini (1688) who exactly defined the law of constant
angles and the relation of the habit to the chemical species. The latter
topic was amplified by Cappeller (1723), Leeuwenhoek (1685, 1705) and
by Rome de I'Isle (1783). Linnaeus (1768) and especially Werner (1774)
contributed much to the classification of minerals by careful observation
and description of their external characteristics, not only of their forms
but also of their other properties such as colour, manner of cohesion,
coldness to the touch, weight, smell and taste, and according to Werner
blowpipe tests could be useful for qualitative chemical analysis.
Corresponding to the vague opinions on crystals it is no wonder that a
variety of strange ideas on the mechanism of crystallization was held by
alchemists (Adams, 1954). The vegetative growth of crystals was especially
popular among many chemists and was believed by Paracelse (1493-1541)
and still in the 18th century by the French botanist Tournefort in 1702 and
by Robinet in 1761. The latter deduced his hypothesis from the concept
that nature is uniform in the treatment of all her productions, and consequently there had to be a uniform process for the generation of animal,
vegetable and mineral species (see Burke, 1966). Thus it was a major step
for Steno (1669) and for Hottinger (1698) to recognize that a crystal does
not grow from the interior lik e a plant or anim al (intussusception) but
grows by deposition of material on the external faces (juxtaposition).
Another question, in connection with the formation of minerals, was
whether or not water played a role, and this quarre! between the plutonists
and the neptunists was not settled until the end of the last century.
In the early stages of chemistry, mineralogy and crystallography these
sciences were descriptive, and as late as 1822 Mohs expressed the idea that
"natural history observes natural products as they are, not how they were
formed" (after Michel, 1926).
On the other hand Boyle (1672) believed that gems and minerals were
formed from liquids impregnated with various substances by processes
analogaus to those occurring in his experiments on crystal growth from
aqueous solution. Boyle appears to have been the first scientist to apply
the techniques of experimental chemistry to the solution of mineralogical
problems. In his work "An Essay About the Origine and Virtues of Gems"
he proposed the hypothesis that many gems were once fluid bodies or are
in part made up of fluid substances. In particular he claimed that gems
were formed from solutions and presented the following five "proofs".
1. The transparency of gems: "it is unlikely that bodies that were never
fluid should have the arrangement of their constituent parts that is
requisite to transparency, which permits easy passage of light through
them".
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2. The external "figuration" ( crystal habit) of gems, because "corpusdes
of various substances will coagulate in liquids and yield crystals similar
to those of gems".
3. The internal textures of gems which resemble those he observed in
crystals that were once fluid (e.g. common salt and silver). The interior
grain of certain gems and other minerals is visible, and muscovite and
diamond, for example, are easily cleaved along the visible plates
(cleavages) and along the grain.
4. The fourth "proof", based on the variety of colours in gems, is not
convincing, in cantrast to the next one:
5. Solid gems may contain heterogeneaus matter, and Boyle describes a
crystal "in the midst of which there was a drop of water", as evidence
that gems grow from solutions.
It is interesting to note that Boyle did not believe in the "architectonick"
explanation of crystal habits, although he observed that a solution of
"stony stiriae" resulted in a "coagulated mass" when the solvent was
quickly evaporated, whereas slow evaporation yielded "distinct crystals,
lang, transparent, and curiously shaped" (similarly Rauelle described in
1745 the crystallization of salt in truncated pyramids or squares during
fast evaporation of the water, whereas slow evaporation resulted in cubes:
precursors of experiments on morphological stability !).
The mineral- and gem-forming solutions had, according to Boyle, some
special virtues. Although he never saw any great feats performed by those
hard and costly stones (such as diamonds, rubies, sapphires), he believed
in the testimonies of physicians and patients and tried to explain the
medicinal virtues of gems in terms of "effiuvia" or "steams", originating
from earth fluids and present in the gems. To the objections of other
critical scientists that gems will not "part with effiuvia or portians of
themselves, since they lose not of their weight" Boyle replied that mercury
kept in water for a day or two would kill worms without any sensible loss
of weight of the mercury. Therefore "effiuvia may be of so small specific
gravity, as not to make the gem at all heavier in specie than crystal itself".
In Boyles' view, before gems solidify the "petrescent" substance unites
with a solution, exhalation, or metallic substance, and upon crystallization
the gems retain the "virtues" that were added. The medicinal powers are
liberated from gems as minute corpuscular "effiuvia" in rapid motion.
If scientists like Boyle believed in the virtues of gems, it is not surprising
that many recipes against illnesses like cholera or tuberculosis contained
powdered quartz and other minerals or gems, in addition to saltpeter, red
corals, prepared crab eyes and celestial "theriacs" (Wallbergen, 1760).
Hottinger (1698) also shared this belief in the virtues of gems and gave
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several n:ferenccs on this topic. Even nowadays th e belief in some "higher
forces" of natural gems is not uncommon (see for instance Adams, 1954),
an <CI thc valuc of natural gcms in thc jcwcllcry industry has continucd to
ris•e although synthetic gems likc hydrothermal ruby or emerald are
available in superior quality.
It is not the purpose here to outline in detail th e history of crystallography, mineralogy and crystal growth because there are several excellent
works on the former two topics, suchasthat of Burke (1966), Niggli (1946),
Lenz (1861), Kobell (1864), Marx (1825), Sohncke (1879) and Agricola
(1546).
2.2. Early Crystallizations from High-temperature Solution
T he discussion in Section 2.1 of the historical development of the concepts
of crystals and crystallization is included to give a background to early
experiments on crystal growth from high-temperature solution. Mcntion
must also be made of flux growth in nature which started during the
solidification of the earth's crust. Crystals are constantly growing in the
crust, up to 30 km or so below the surface. Water and other volatile
compounds are present in the "flux", which is called magma, but they
merely act as flux modi.fiers, not as hydrothermal systems. (For the oielest
granitic rocks, which are early precambrian amphibolite facies gneisses
from ·west Greenland, a rubidium-strontium age of 3980 J- 170 million
years was reported by Black et al., 1971.)
Nature has not only produced the very high quality crystals used as
gems but occasionally single crystals of enormous size, which have grown
mainly in pegmatites or hydrothermally in rock fissures. According to
Bauer (1932), an aquamarine crystal of good quality weighing 110.5 kg
was found in 1910 in a pegmatite quarry in Minas Geraes in Brazil. Topaz
crystals up to 135 kg were also found in Brazil, and the largest highquality topaz "Braganza" of 1680 carats was believed to be diamond and
used in the Portuguese crown. Other !arge gemstones are a star sapphire
of 563 carats (Star of lndia), a ruby of 100 carat (Oe Langstar ruby), an
emerald made into a container for ointments weighing 2680 carats (now
in Vienna), and, according to Kunz (1890), an almandine garnet crystal of
4.4 kg was found in 1885 in 35th Street, near Broadway in New York!
Artificial crystallization from high-temperature solutions probably dates
from the time when man could produce high temperatures, by the use of
fire. Incidental flux grov.1:h probably occurred during the preparation of
metals and alloys, and of ceramies and glasses, since these crafts were
practised by several ancient civilizations. Crystalline products were
probably grown from high-temperature solutions during the middle ages
when alchemists attempted the synthesis of the "elixir of life" and the
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"philosopher's stone" and the "transmutation" of "base" metals into gold,
and although little or no attention was given at that time to the resulting
crystals.
The alchemists tried to keep for themselves their secrets on "universal
processes" by using special symbols as are shown in Fig. 2.1. The process
described was discovered by Magister Heinrich Eschenreuter in a hiding
place in the monastery Schwartzbach on May 6, 1403, and was hidden
again for religious reasons in a hole in the wall of the monastery of St.
Marienzell in Thuringia on October 10, 1489. There it was rediscovered
by the Benedictine monk Basilius Valentini in the year 1762. This monk,
who edited several books on alchemy and the philosopher's stone, published the recipe given in Fig. 2.1 in 1769, during the time of enlightenment, when the Church began to tolerate science. The English translation
runs approximately as follows.
Take in the name of God Christ Jesus the son of Mary "minera mercurii" and
prepare from this a "blood-red extract" with "spiritus vini", "spiritus nitri" and
"spiritus salis", and from this "blood-red extract" make a "vinegar"t with
"spiritus salis ammoniaci" and "spiritus tartari" with a strong fire. This "vinegar"
add again to the residue "caput mortuum" and treat it until it is transformed
into a "deep-red oil or sulphur of the materia philosophorum": Take this "deepred oil" and pul into a container and seal this with Lutum (loam), and Iet the
Lutum dry completely, and when dry put it into a "melt furnace" and apply
"moderate fire", primus gradus ignis (of the firstgrade of heat), and Iet it stand for
forty days that it does not "melt" . After these forty days Iet it stand in "melting"
again for forty days so that it will become and Iook quite black by effervescing,
and Iet it stand in the "melting" until it becomes white, as crystals which Iook
milky, and when it has stood as long as before then you will see that it Iooks like a
glass, and will appear quite dark red transparent, and keep it so long in the
"liquid as a water" until there is no more change, then y ou have prepared the
philosophers' tinctura.

More attention was paid to synthetic crystals only from the late 18th
century on, when their character and their importance were recognized
and when chemical analyses could be performed. Realistic speculations
regarding the formation of natural crystals could only then be expressed .
Although already at the time of Agricola, in the 16th century, over 100
different salts had been synthesized and crystallized from aqueous solutions,
it was not until the early 19th century that the first crystals were deliberately
grown from high-temperature solutions.
Around 1800 the crystallization behaviour of Javas from the region of
Edinburgh and from Etna and Vesuvius was studied by Hall (1798) and
by Watt (1804) who used melts up to 330 kg. Watt found crystals up to
1 mm size on slow cooling (during eight days) and obtained glasses when
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FIG. 2.1. Alch.emical recipe for preparation of a universal medicine, discovered
by Eschenreuter m 1403 and published by Valentini (1769).
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the melts were quenched. The crystals were magnetic and had relative
densities ranging from 2. 743 to 2. 949-a good characterization for that
time. Among the first syntheses from high-temperature solutions, Wöhler
(1823) reported the preparation of tungsten bronze crystals from sodium
tungstate fiu x, and other mineral syntheses (although not by typical fiux
techniques) were reported by Berthier (1823) and by Mitscherlieh (1823).
According to Haüy in 1822 apatitewas prepared by Saussure from gypsum
and phosphoric acid.
The synthesis by Gaudin (1837) of ruby rhombohedra of up to 0.187 g
weight by melting potassium alum with potassium chromate attracted
many mineralogists and led Böttger (1839) and Elsner (1839) to repeat
the experiment. From this time the activity and interest in mineral synthesis began to increase, especially in France, but also in Germany.
Supersaturation in high-temperature solutions was achieved in these
early experimentsnot only by the slow-cooling and evaporation techniques,
TABLE 2.1. Early Reports of Crystals Grown by the Flux-Reaction Technique
Solvent

Rcactant

N a;vvO,
C d CI,
K 2 Cr,O,
Al
AIF,
NaCI + N aAIO,
AIPO, + CaCO,,
formation of
Ca 3 (PO,), + CaCI,
du ring the rcaction
MgCI,
Ba( N0 3 ) 2
Ca(N0 3 ) 2
Sr(N0 3 ),
Ni CI,

1-1, (vapour)
H 2 S (vapour)
Si0 2 (from cruciblc)
SiCI 4 (vapour)
B,0 3(vapour)
HCI (vapour)
HCI (vapour)

Reference
N a., WO, Wöhler(1823)
Duraeher (1851 a)
CdS
Svanberg (1854)
Cr,0 3
Senarmont (1856)
Si
D ev ille and Caron (1858)
Al,0 3
Debray (1861a)
Al,0 3
Dcbray (1861a)
Al,0 3

H,O (vapour)
NO, (decomposition)
NO, (decomposition)
N0 2 (decomposition)
H 2 0 (vapour)

MgO
BaO
CaO
Srü
NiO

CoCI,
KF + ZnF,
Na 2 SO, or K 2 S0 4 ( , Zn SO,)
Na 2 SO, + Zn S0.1
Na CI + Zn CI, + SiO,
Na, SO,( + Zn SO, + FcSO,)
BaF,, CaF, or .-\ IF 3
FeCI 2

H,O (vapour)
H,O (vapour)
H 2 0 (vapour)
S iF 4 (vapour)
H 2 0 (vapour)
so3 (decomposition)
H,O (through porous
ceramic crucible)
H 2 (vapour)

SnS( + Cd CI,)
SnS( + Zn CI,)

CdCI 2 (vapour)
ZnCI 2 (vapour)

- - - --

Result

-----

Dcvillc(1861b)
Brügelmann (1877 , 1878)

Ferrieres and Dupont, sec
Bourgeois (1884)
Bourgeois (1884)
CoO
Gorgeu (1887c)
ZnO
Gorgeu (1887c)
ZnO
Zn,Si0 4 Gorgcu (1887c)
Zn,SiO, Gorgeu (1887c)
ZnFe,O, Gorgeu (1887d)
Fremy and Vcrncuil
Al 2 0 3
( 1888, 1890)
Osmond and Cartaud
Fe
(1900)
Viard (1903)
CdS
Viard (1903)
ZnS
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but also by ftux-reaction techniques (see Chapter 7). In fact, in one of the
first ftux-growth experiments Wöhler (1823) passed hydrogen over sodium
tungstate melts and obtained crystals of tungsten hronzes. In this case the
Supersaturation was achieved and maintained by the reduction of Na 2V\' 0 4
to Na ..,W0 3 by hydrogen. Further examples of the ftux-reaction technique
are given in Table 2.1 and further discussion is superftuous except to
mention that in most cases constituents of the crystal are transported via
the yapour phase to the !iquid from which the crystals grow as a result of
some _!:eaction. Thus these examples belong to the VLRS technique as
discussed in Chapter 7.
Reference to the 19th-century Iiterature also reveals a number of reports
of the use of mineralizers. It is interesting that Aristoteles is said to have
claimed that solid materials react only in the presence of a liquid. We knovv
today that this Statement is only partially true (solid-state reactions), but
it was established in ancient technology that the addition of small amounts
of ftuxes greatly accelerates ceramic, glass-forming and metallurgical
processes. The expression "agent mineralisateur" or "mineralizer" was
introduced Ly Beaumont (1849) and by Deville, and, according to Morozewicz (1899), it had a significant inftuence on the development of mineral
synthesis. Vapour ;md liquids were termed miner<~lizers when they had
an appreciable effect on lowering the melting point, although Friede! (1880)
accepted only gaseous mineralizers such as SiF~, HCl and HF. Other
scientists defined mineralizers as catalysts for crystallization. This view is
still shared by several mineralogists today, although in 1899 Morozewicz
wrote that mineralizers are nothing eise but solvents and that one should
abandon the term" mineralizer" in chemical and physical sciences.
When growth is unstable, solvent becomes included in the crystals, and
these inclusions play a major roJe in the identification of natural crystals
(see Gübelin, 1953) as weil as in the deduction of the growth history of
minerals. Material can be included only during growth, either as a liquid
initially (from the solution) or as solid material which is captured by the
growing crystal; an exception would be the phenomenon of eutectic
crystallization but this is rarely found in natural stones. According to
Gübelin, the importance of inclusions as a means of investigating the
genesis and growth of minerals was emphasised by Sir David Brewster in
the early 19th century.
Resistance heating and the use of electric power became popular only
in the 20th century, and prior to this many high-temperature experiments
were conducted in glass-making or pottery furnaces. For example, Ebelmen
made his many syntheses of crystals in the famous porcelain factory at
Sevres in France, Fremy collaborated with the glass factory at St. Gobain
and Morozewicz made his experimental investigations on crystallization of
82
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minerals from (synthetic) magmas in a Siemens furnace in the glas!.
factory at Targowerk near Warsaw. A diagram of the furnace used by
Morozewicz is shown in Fig. 2.2.
For !arge melts like the 330 kg mentioned above and the SO kg melts of
Morozewicz, !arge ceramic crucibles were used as a complement to the
small platinum crucibles. Early experiments on fiux growth were reviewed

FIG. 2.2. Arrangement of the crucibles containing up to 50 kg melts in a
Siemens furnace as used by Morozoewicz (1899), with )arge ceramic crucibles at
D, air and gas channels at p and g, and with exhaust gas channels at A and B.

by Fremy and Verneuil (1888, 1890) and in the book of Fremy (1891).
These authors used crucibles up to SO litrc in size and made from porous
ceramies in order to facilitate the intrusion of humid air into the fiuoride
solutions used for crystallization of oxides, mainly of ruby. Large graphite
crucibles, of 1S cm height and more than 10 cm diameter, were also used
by Hampe for the preparation of aluminium borides, and 1000 kg of coke
was required to heat the furnace for six days.
Although such !arge crucibles were used, and Goethe had already
recognized that !arger crystals could be grown from !arger crucibles, the
mineralogists and chemists of the past century did not generally obtain
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•crystals !arger than a few millimetres in diameter. This is due to various
factors which are described later, and in particular to the use of impure
chemicals, poor temperature control and programming, Iack of knowledge
of solubility and supersolubility curves and of the stable growth rates, and
to uncontrolled evaporation of solvent. As described by Nassau and Nassau
(1971) one experiment of Fremy and co-workers yielded up to 24,000 ruby
crystals weighing a total of 1200 g from a 12 litre batch. It is not surprising
that those mineralogists who were interested in the synthesis of !arge gern
crystals tried other techniques.
Several attempts were made in the second half of the 19th century to
crystallize ruby directly in a ftame before Verneuil discovered the conditions of crucible-free ftame-fusion growth which allowed reproducible
growth of !arge crystals. The Verneuil technique became popular for
growth of ruby for watch bearings and gemstones from 1904 onwards, and
nowadays about 200 tons are produced per year. The success of the Barnefusion technique led to a decrease in the activity in ftux growth during the
following forty years and only occasionally was the ftux technique used for
the preparation of materials. Examples of its use are the crystallization of
emerald at IG Farben in the thirties and the synthesis of mica and substitutes for quartz for military applications du ring World \Var I f.
Renewed interest in crystal growth from high-temperature solutions
began only after the second world war, when the importance of materials
research and solid-state physics became obvious. The electronic and the
computer industries could not have developed without the discovery and
production of transistors for which high-quality crystals were required in
!arge quantities. Flux growth was particularly stimulated by the fabrication
of solid-state Iasers and by the synthesis and crystallization of ferroelectric
barium titanate (see Chapter 1) and of the rare-earth garnets. These recent
developments are described elsewhere in this book.
2.3. Comments on the Table of Early References
In view of the large volume of early work on high-temperature solution
growth a detailed description of the findings of the various scientists
active in this field would be prohibitively long although it would be
interesting from a historical viewpoint. A summary of this work is therefore given in the form of a Table. This Table 2.2 is probably incomplete
and complex solid solutions or unidenti.fied phases have in general been
omitted. For example, the many silicates and solid solutions described in
Doelter's extensive work on silicate melts (1904-1908) have not been
included, nor have the results described by Vogt (1892-1904) and by
Morozewicz (1899). In addition, amalgams which were prepared by
Geber araund A.D. 1200 (sec Darmstaedter, 1922- 1969) and studied
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extensively in the past centuries, have also been omitted together with the
metallic crystals which were prepared by cooling their solutions in mercury
(Puschin, 1903). The numerous crystalline phases observed during the
investigations of phase diagrams (see Chapter 3) have also been omitted,
although mention must be made of the enormous value in crystal growth
of the careful phase diagram investigations at the US National Bureau of
Standards, the US Geological Survey and elsewhere, from the beginning
of the 20th century on.
Some errors may be present in the Table since the contemporary
techniques for crystal identification were poorly developed. Characterization relied mainly on morphology, pJrticularly by optical measurement
of the angles between faces and hence deduction by stereographic projection of the ratio of the axes and the angles between them in the elementary cell. Additional observations of the optical indicatrix of cleavage,
hardness, specific gravity and colour were sometimes reported in addition
to chemical analysis of the major constituents.
The data of Table 2.2 were collected from the works of Doelter (19121931 ), Groth (1906), Fouque and Levy (1882) and Chirvinskii (19031906), which are abbreviated as D (with the volume number), G, FL and
C, respectively. Comparison has been made with the reviews of Favre
(1856), Gurlt (1857), Fuchs (1872), Daubree (1879), Friede! (1880),
Bourgeois (1884), Meunier (1891a), Michel (1914, 1926) and Crossmann
and Neuburger (1918), in addition to reference to the originalliterature.
The Table should be useful in demonstrating the !arge number of crystals
prepared and of solvents used, especially since the early Iiterature is often
rather inaccessible.
The first column of Table 2.2 contains the chemical formula of the
material crystallized and the second the mineral name, where appropriate.
Column three lists the solvent, column four the reference, and column
five the source using the abbreviations given above and the volume and
page numbers.

TABLE

Formula

Name

Solvent

2.2.
Source

Reference
-~.-- ---- --·

Ag
AgCI

Silver
Chlorargyrite,
Cerargyrite

Ag,S

Ag I (electrolysis)
Ag I

Groth (1906)
Lehmann (1877)

G5
G 200

Doelter (1886a)
Rössler (1895, 1898)
Rössler (1895, 1898)
Margottet (1877), seealso
Friede! ( 1880)
Margottet (1877)
Wöhler and Deville (1857)
Hampe (1876)
Wöhler and Deville (1857)
joly (1883)
Hampe (1876)
Ebelmen (1848b, 1888)
Mallard (1888a)

DIV/1,247
G 145
G 145
DIV/ 1, 253

Ag,Se
Ag 3 AsS 3

Naumannite
Proustite

AgCI, SbCI 3
Bi
Bi
s, As,s.

Ag 3 SbSa
AlB,

Pyrargyrite

s

At.s •• c,
AIB0 3

Jeremejewite

s,o.
B,0 3 , Na 3 AIF 6
B,o.
s,o.
B,O.
Cdü + B,O.

AI,Be0 4
AI,BeaSi.O,.
Al,Si0 5
Al,0 3

Chrysoberyl
Beryl, emerald
Sillimanite
Corundum

see BeAI,0 4
see Be 3 AI,Si 6 Ü 18
K,C0 3 + AIF 3
K,S, K,SO,

AlB,,

AI,0 3 :Cr

Ruby

Na,B,0 7 , BaC0 3
or Na,C0 3
K,S0 3 , Ca-phosphate
K,so., Ca-phosphate
K,Cr,0 7 , K,Mo0 4
Pbü

~

:r

r:n
o-i

0
::t)

-<

0
."
(")
::t)

DIV/1,247
G 50

-<

r:n
o-i

>

r

0

G 50

::t)

0

~

D I II /2, 425,
DIII/2, G 101

o-i

:r

."
::t)

0

Meunier (1890)
Gaudin (1837, 1869)
Böttger (1839)
Ebelmen (1848b, 1851a, b)

!:
r:n
0

DIII/2, 446
DIII /2, G 101

r

c

o-i

0

Debray (1861a, b)
Elsner (1839)
Parmentier (1882)
Fremy and Feil (1877),
Fremy (1891)

DIII /2, 446
DIII /2, 446
DIII /2, 446
DIII /2, G 102

z

r:n

w
w

w
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Fonnula

Solvent

Name

Source

Reference

()

:>:l

BaF 2 , CaF,, AlF.
AlF3
Na 3AlF.
Na 3AlF 6
Na,B,O,
Silicate melts
Na,S( + NaAlSiO,)
As,S,
Au
B.c
BaSO,

Realgar
G old

Ba rite

BaSeO,
BaO
Be

BeAI,O,

C hrysoberyl

S, NaHCO,
Hg
B,03
KCl , NaCI, BaC I,
KCl
Mn Cl,
NaN0 3+ KNO,
Ba(N0 3),
BeCI,
Be Cl,
KBeF 3 (electrolysis)
Ca,B.O,, B,O,
BeF, , AIF,, B,O.
Na 3AIF 1
Na,S, K,S

Be,AI,Si,0 18

Beryl, emerald

B,o.

Fremy and Verneuil (1888,
1890)
Deville and Caron (1858)
Meunier (1887 /1888)
Gmeli n-Kraut li (1911) 617
Hönigschmidt (1907, 1910)
Morozewicz (1895, 1899)
Hautefeuille and Perrey
(1890a)
Senarmont (1851a)
Knaffi (1863)
Lang (1863)
Joly (1883)
Gorgeu (1887a)
Manross (1852)
Gorgeu (1885)
Diacon (1888)
Brügelmann (1877, 1878)
Nilson and Petterson (1883)
Brögger and Flink (1884)
Lcbeau (1899)
Ebelmen (1845, 1848a,
1851b, d)
Deville and Caron (1858)
Lacroix ( 1887)
Hautefeuille and Perrey
(1888a, 1890a)
Ebelmen (1848b)

DIII /2, 446

-<
Cfl

...;

>
DIII /2, 446
DIII/2, 446
DIII/2, 446
DIII /2, 446
DIII /2, 446
G 101
G 154
G6
G6
G 50
DIV/2, 245
DIV/2, 245
DIV/2, 196
C90
G74
G8
G8
G8
Dlll /2, 513; G urlt (1857)

t"'

C)

:>:l

0

::;:

...;

:I:

...,
:>:l

0
~

:I:

C)

:I:
I

...;

m
~

."

m

:>:l

>
...;

c:::
m

:>:l
Cfl

0

t"'

c:::

-z
...;

DIII/ 2, 513
DIII /2, 513
DIII /2, 513
DII/2, 598

0

Cfl

Li,Mo,O,
LiV0 1

BeNaPO,
BeO

Be,SiO,

Berylonite
Bromellite

Phenacite

Bi
Bi,O,
Bi,S,

Bismite
Bismuthinite

Na 2 Si0 3 + B,0 1
Na-phosphate
K,CO, + SiO,, B,O,
Na,B 4 0, + SiO,
Na,S, K,S
Si licate melts
LiVO,
KNO, (decomp .)
Hg
KOI-1
Bi
Bi or S
K,S

c

Carbon, graphite,
(diamond?)

Bi Cl,
Fe

Hautefeuillc and Perrcy
(1888b, 1890b)
Hautefeuille and Perrey
(1888b, 1893)
Traube (1894)
Ouvrard (1890)
Ebelmen (1848b, 1851 a,
1851c, 1861)
Hautefeuille and Perrey
(1888a, 1890a, 1891, 1893)
Hautefeuille and Perrey
(1888b)
Qucsnevi lle (1830)
Puschin (1903)
No rd enskiöld (1860, 1861a)
Werth er ( 1842), Rössl er
(1895, 1898)
Schneider (1854)
de Senarmont (1851b)
Lagerhjelm ( 18 16)
Heintz (1844)
D urocher(1 851a, 1854)
Deville (1856a)

DII /2, 598
DII / 2, 598

!'l
X

DII/2, 598
DIII/1, 315
G69
G 69

Cf)

-l

0

"

-<
0

.."
(')

"-<

Cf)

DIII / 1, 811
G 22
G 109
DIV/1, 65; G 160
DIV/1,65;G160
DIV/ 1, 65; G 160
DIV/ 1,65;G160
DIV/ 1,65;G160
G urlt ( 1857)
G 13

-l

>
r
c;l

":2

0

-l

X
.."

"

0

~

Ul

0

r

c:::

Fe
Olivine
Si licate melts

Moissan ( 1896, 1905)
Friedländer (1898, 1900)
I-lasslinger (1902, 1903,
1917)

G 12
G 12
G 12

-z
-l

0

Cf)

w
\J1

w
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Name

CaCr,O,
CaF,

see under Cr
Fluorite

Cai ,O.
CaMoO,
Ca,Nb,O.F

Lautarite
Powellite
Pyrochlore

Ca,(Ta, Fe),O,
Ca 5 (P0,) 3 (F, Cl)

CaSnB,O.
caso.
CaSeO,
CaTi0 3
Ca WO,

CaMgSi,O.

Pyrochlore
Apatite

Nordenskjöldin
Anhydrite

Perovskite

Scheelite

Diopside

Solvent

Reference
----

Source

(')
~

><

UJ

CaCI,, KCI, NaCI
NaNO,
Na CI
CaCI, + NaF
CaF,
K,C0 3
CaCI, , CaF,
CaF,
Na Cl
CaCI,, CaF,
NaCI, KCI
CaCI,, CaF,
CaCI ,(?)
KCI, MgSO, + B,0 3
Na Cl
MnCI 2
NaN0 3 + KN0 3
Na,CO,, K,CO,
Ca Cl, + SiO,
Ba Cl,
NaCl + CaCI,
NaCl + CaCI,
Ca CI,(?)
CaF,, CaCI,
Ca Cl,
Na,B,O,

Scheerer and Drechsel
(1873)
de Schulten (1898a)
Hjortdahl (1887)
Holmquist (1896, 1899)
Joly (1876)
Ebelmen (1851c)
Manross (1852)
Briegleb (1856)
Forchhammer (1854)
Deville and Caron (1863b)
Ditte (1883, 1884)
Nacken (1912)
Ouvrard (1906)
Manross (1852)
Simmler (1859)
Gorgeu (1885)
Diacon (1888)
Ebelmen (1851a, c)
Hautefeuille (1864a)
Bourgeois ( 1886)
Manross (1852)
Michel (1879a)
Debray (1862, 1863)
Berthier (1835)
Lechartier (1868)
Doelter (1890)

DIV /3, 203; G 206
DIV/3, 448
DIV/2, 783
DIII/1, 97
DIII/1,97
DIII/1,97
DIII /1, 345
DIII/1, 345
DIII/1, 345
DIII/1, 345
DIII/1, 345
DIII/1, 345
DIII/2, 426
DIV/2, 196
DIV/2, 196
DIV/2, 196
C90
DIII/1, 40
DIII/1, 40
0111/1' 40
DIV/2, 821; FL 186
DIV/2; 821; FL 186
DIV/2, 821; FL 186
011 /1, 530; FL 106
DII/1, 642

"i

>

t"'

C'l
~

0
~

"i

:I:
>%j

~

0

~

:I:
.....
C'l

:I:
I

"i

!:Tl

~

"'
!:Tl
~

>
"i
e
~

!:Tl
UJ

0

t"'

e

"i

.....

0

z

UJ

CaFeSi 20 6
3Na 3 AlSiO, ·CaSO,

Hedenbergite
Hauynite

B,0 3 , Na-phosphate ,
CaF,
N a,B,O,
Na,SO,
Salts and silicates

CaSiOa

Wollastonite

Ca Cl,

Ca 3 Al,Si 3 Ü 12
CaTiSi0 5

Grossularite
Sphene, Titanite

CaAl ,Si 2 0

Anorthite

Ca Cl,
Ca Cl,
Ca SO,
NaF, KF, CaF, + diorite
Na,HPO, + B,0 3 + SnCI ,
CaF, + NaCI
CaF, + MgF 2
LiCl + Na 2 Mo0,
Al Fa
Silicates
Augite
Na,C0 3
NaF + CaF, + LiF
MgCI 2 + CaCI 2 + N H,Cl
Na 3PO, + NaV0 3 + LiCI
Ca(N0a) 2
Na,B,O,
CaC1 2 , CaF 2 , BaS

8

(CaAI 2 Si 20 8 ,
NaA!Si 3 Ü 8 s.s.)

Oligoclase

(CaAl,Si 20 8 ,
NaA1Si 3 0 8 s.s.)

Labradorite

(Ca, Na),(Al, Mg)
[(Si, Al) 2 0 7 ]
Caü
Cdü
CdS

Melilite

Monteponite
Greenockite

K,C0 3 + S

Bauer (1899)

DII/1,642

Doelter (1890)
Lernberg (1885)
Morozewicz (1892, 1893 ,
1899)
Lechartier (1868)
Velain (1878)
Gorgeu (1883b)
Hautefeuille (1865)
M ichel (1892)
Velain (1878), Bauer (1899)
M edanich (1903)
Petrasch (1903)
Medanich (1903)

DII / 1, 642
DII /2, 255
DII /2, 255

!'I

FL 112

0

DII /2, 891
DII/1 , 62, 65, FL 178
DII / 1, 62, 65, FL 178
DII / 2, 996
DII /2, 996
DII /3, 226, FL 140
DII /3, 226, FL 140

0

M eunier (1890)
Petrasch ( 1903)
Fouque and Levy (1878)
Bourgeois (1883)
Bauer (1899)

DII /3, 284
DII /3, 284
DII /3, FL 61, 139
DII /2, 963
DII/2, 963

Medanich (1903)
Brügelmann (1877, 1878)
Florence (1898)
Deville and Troost (1861)
Dupont and Ferrieres (1882)
Schüler (1853)

DII /2, 963
G70
DIII /2, 305
DIV/ 1, 347 ; FL 303, G ls_Q
FL 304
DIV/ 1, 347; FL 304

X

C fl

>-l

::0

><:

"1
(")

::0

><:

Cfl

>-l

>

r

Cl
::0

0

~

>-l

X
"1

::0

0
~
Cfl

0

r

e

>-l

0

z

Cfl

w

-...)

w
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Name

Solvent

Source

Reference

()

::.:1

Cd Se
CePO,
CeO,

Cadmoselite
Monazite

CoS
Co,O,
Co 2 Si0,
CoO

Cr,Os
CaCr.O,
Li 2 Cr,O,( ?)
FeCr,O,

Eskolaite

Chromite

MgCr,O,
MnCr,O,
ZnCr,O,
Na CrS,
FeCr,S,
Cu

Daubreelite
Copper

Cd Cl,
Meta! halides
Cd Cl ,
CeCI 3
Na,B,O,
NaCI , Na,B,O ,
BaS + NaCI
Co Cl,

Duraeher (1851a)
Viard (1903)
Fouzes-Diakon (1900)
Radominsky (1875)
Nordenskiöld (1860, 1861a)
Sterba (1901)
Hjortdahl (1867)
Schwarzenberg, see Gorgeu
and Bertrand (1887)
CoCI,
Bourgeois (1889)
B,O., Na,B,O,
Ebelmen (1851 b, c)
CoCI,( + H,O)
Ferrieres and Dupont, after
Bourgeois (1884)
Co 3 (PO,), + K,SO,
Grandeau (1886)
Ca-borate
Ebelmen (1847, 1851)
K ,Cr,O, + SiO,
Svanberg (1854)
K,CrO,
Weyberg (1906)
Li,CrO,
Weyberg (1906)
Na.AIF,
Meunier(1887a, 1888)
B,0 3
Ebelmen ( 1851 b, d)
Ebelmen (1851 b, d)
B,O.
B,O.
Ebelmen (1851b, d)
Meunier(1887a, 1888)
B,O.
Ebelmen (1851b)
Meunier(1887a, 1888)
Na,co •• Na,co.-K,co. Schneider (1873b, 1897)
FeC1 2 , S
Meunier (1891 b)
Behrens (1894)

DIV/1, 347
DIV/1, 348
G 150
DIII/1, 558
G85
G 85
DIV/1, 680; G 138
C80
C88
G71
G 71

><

00

--l

>
r
C}

::.:1

0
~

--l

:z:
'-r:l
::.:1

0
~

:z:....
:z:
C}
I

--l

DIV/2, 721; G 103
DIV/2, 721; G 103
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 705
DIV/2, 656
G3

t"r1

s:'"tl
t"r1

::.:1

>
--l
c::

::.:1
t"r1
00

0

r

c::

--l
....

0

z

"'

Cu,FeS,

Bornite

Cu,S
CuS
Cu,Se
Cu WO,
Cu Zn,
Fe

Chalcocite
Covellite
Berzelianite
Cuprotungstate

lron
FeAs,
Fe,As,(?FeAs)
FeAsS
FeCr.O,
FeCr,S,
Fe.o.
Fe,O,

FeaP
(Fe, Ni),P
FeS

Arseneferrite
Arsenomarcasi te
see under Cr
see und er Cr
Hematite

Magnetite

Schreibersite
Pyrrhotite

Silicates
Silicates
Na Cl
Na,B,Oa
Pb
ZnSO,(?)
Cu Cl
Na C l
Zn
FeCJ,
FeCJ,
Hg
Na,B ,O,
Na,B,O,
Na,S, Na,S + Na,co.

Vogt (1892)
Washington (1894)
Böeking (1855)
Marigny (1864)
Rössler (1895, 1898)
Rogers (1911, 1912)
Fouzes-Diakon (1900)
Michel (1879b)
Charpy (1896)
Haidinger (1850)
Osmond and Cartaud (1900)
Nerad (1932)
Berthier (1836, 1837)
Descamp (1878)
de Senarmont (1851 a, b)

G3
G3
DIV/1, 161
DIV/1, 161
G 143
DIV/ 1, 98
G 145
FL 186
G43
G41
G41
DIV/ 1, 604
DIV/ 1, 604
DIV/1, 634

!'l

-...,
:X:
CFl

0
::<l

-<

0

"rj

n

::<l

-<

CFl
...,

>
t"'
C'l
::<l

0

Na,B,O,
Na,B,O,
Na,B,O,
Silicate melts
FeCI,
FeF, + B,O.
Na,B.O, + PbO
Na,B,O,
Na-phosphate
sb,s.
FeCI,

Hauer (1854)
Rose (1867a, 1869a)
Florence (1898)
Ebelmen (1851a)
Durocher (1851b)
Deville and Caron (1858)
Florence (1898)
Hooslef (1856)
Faye (1863)
More! (1888)
Doelter (1886b)

DIII/2, 635
DIII/2, 635
DIII /2, 635
DIII /2, 649
FL240
DIII/ 2, 649
DIII /2, 661
DIII / 2, 823
DIII /2, 823
G 146-147
G 146-147, T 101

:;;...,
:X:
"rj

::<l

0
~
CFl

0
t"'

c:
...,

0

zCFl

w
\0

.f'.
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Solvent

Name

Source

Reference

('1

:>:l

Pyrite
Fayalite
seeMg
see Na
Ferberite

Fes.
Fe 2 Si0,
(Fe, Mg) 2 Si0,
NaFeSi 20 8
Fe WO,
(Fe, Mn)WO,
(Fe, Mn)Nb 20
FeAI 3
HgS
CsHgCla
Ir
K 2Pb(SO,).
KAISiO,

(Na, K)AISiO,
KAISi.O.

K-Zn-Silicate

8

Wolframite
Columbite
Cinnabar
Iridium

..,><:

K.Sx
FeCI 2

Deville, see Friede! (1880)
Gorgeu (1883a, 1887b)

Na Cl

Geuther and Forsberg
(1861)
Michel (1879a)
Michel (1879a)
Joly(1876)
Guillet (1 902)
Durocher (unpublished)
Wells (1 892)
Debray (1 882)
Rössler (1 900)

DIV/2, 848

0
~

DIV/2, 848
DIV/2, 848
FL 182
G45
DIV/1, 361
G367
G38
G 38

:I:

Go rgeu (1887a)

DII/2, 410

C/)

DII/1, 719

>

t""

"
:>:l

Na Cl
FeF 2 , MnF 2
Al
HgCI 2
CsCI
FeS 2 + Na 2B,O,
Ag

see Pb
Kaliophilite?
KCI
Potash nepheline?
KCI, K 2 Si0,
KCI, K.SO,
KF
Nephelin e
Na-vanadate
Na.C0 3
Leucite
K-vanadate
KV0 3
KF
NaF
KF,KCI

..,

.."

:>:l

0
~

"..,
:I:

:I:
I

tTl

~

."

tTl

:>:l

DII /2, 410
DII/2, 410
E 16
DII /2, 220; FL 155;
E 20, FL 156
Hautefeuille (1880b, c, 1888) DII/2, 470; E 9
DII/2, 470, E 9-11
Hautefeuille and Perrey
(1 888c)
DII /2, 470
Duboin (1892a, b)
DII /2, 470
Doelter (1 897)
DII/1, 790
Duboin (1 905)
Weyberg (1908)
Ginsberg (1 91 2)
Duboin (1892a)
Hautefeuille (1 880a)

..,>

c::

:>:l
tTl

C/)

0

t""

c:
..,

-

0

z

C/)

KA!Si 30

8

KAI,Si 3010F2

Orthoclaset

WO., Na,PO,, K 3 PO, ,
K,SiF.

Fluor-muscovite

KF + K 2SiF 6
KF + NaF
MgF, + KF
K,SiF 6 + NaF + MgF,
K,SiF 6

KMg 3 AISi 3 0, 0 F 2
Fluor-phlogopite
K(Mg, Fe) 2 AISi 30, 0 F 2 Fluor-biotite
KFeSi,Os

Iron-feldspar( ?)

KV0 3

LiAISiO,

Eucryptite

LiVO,

LiAISi,0 10
Li,Cr.o,
MgF 2

Petalite
see under Cr
Sellaite

LiV0 3

MgO

MgAI.O,

Periclase

Spine!

Hautefeuille (1876, 1877,
1880f), seealso Friede!
( 1880)
Doelter (1888)
Doelter (1888)
Doelter (1888)
Chroustchoff (1887)
Hautefeuille and St. Gilles
(1887)
Hautefeuille and Perrey
(1888d)
Hautefeuille and Perrey
(1890a)
Hautefeuille (1880d)

DII /2, 551, FL 132,141

DII /2, 438,718
D 11 /2, 438, 718
Dll /2, 438,718
Dll /2, 718
DII /2, 718

!'I
:t

-

"'0...,
:>:!

-<
0

"rl

C86

(")

:>:!

DII / 2, 195
FL 159, T 100

-<

"'>...,
t"""

C)

KCI, NaCI
Ca-borate, B 20
MgCI 2

3

MgCI 2 ( + H 20)
MgSO,, K.SO,
MgCI,( + Si0 2 + ZrO,)
KOH
B,0 3
AICI 3 + Na 3 AIF.
Silicates

Röder (1863), Cossa ( 1876,
1877)
Ebelmen (1851b, c)
Daubrc!e (1854), Dumas
(1859)
Deville (1861b)
Debray (1861c)
Hjortdahl (1866)
de Schulten (1898b)
Ebelmen (1848b)
Meunier (1887b)
Morozewicz (1895, 1899)

DIV/3, 188; G 205
DIII /2, 287; G 69
DIII /2, 287

:>:!

0

:E
...,
:t
"rl

:>:!

G69
Dlll /2, 287; 689
G70
DIII /2, 287
DIII /2, 522

0
~

"'0t"""
c::
...,

-z
0

"'

t The potassium feldspar crystallizing at high temperatures should be called sanidine according to th.: nomenclaturc of Lavcs (1960).
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Table 2.2 cont.
Formula

N

Name

Solvent

Source

Reference

()

:xl

MgCr,O,
MgTi0 3
Mg,PO,F
MgSiO,

Mg,AI,Si 5 0, 8
CaMgSi,O.
(Mg, Fe),SiO,
Mg 3 B,0 13 CI
MnCr,O,
Mn.o,

Boracite
Hausmannite

(Mn, Fe)WO,

Mn WO,

Wolframite

Hübnerite

MnSi0 3
Mn,SiO,
Mn 3 AI,Si 3 0

Magnesiachromite B,o.
Geikielite
MgCI,
MgCI,
MgCI,
Wagnerite
MgCI,
Enstatite
B,0 3 , KOH
CaCI,, MgCI,
MgCI,
Cordierite
MgF,+ W0 3
see under Ca
Olivine
Silicates

Rhodonite

12

Tephroite
Spessartite

NaCI, MgCI,, B,O.
n,o.
Na,B,O,
Ca CI,
Silicates
Na Cl
Na Cl
Na Cl
Mn Cl,
Mn Cl,
Mn CI,

><

Ebelmen (1851 b, d)
Ebelmen (1863)
Hautefeuille (1865)
Bourgeois (1892)
Deville and Caron (1863a)
Ebelmen (1851b, 1855a)
Hautefeuille (1865)
Lechartier (1868)
Doelter (unpublished)

DIV/2, 705; Gurlt (1857)
DIII/1, 42
DIII/1,42;FL178
DIII/1, 42
DIII/1, 319; FL 107
DIII/1, 319; DII/1, 32~
DIII/1, 319; FL 98
DIII/1, 319
DII/2, 626

Berthier (1823),
Reiter (1906)
Heintz and Richter (1860)
Ebelmen (1851 b, d)
Nordenskiöld (1861a)
Kuhlmann (1861)
Ebell (1876)
Michel (1879a)
Geuther and F-.rsberg
(1861)
Geuther and Forsberg
(1861)
Bourgeois (1885)
Gorgeu (1883a, 1887b)
Doelt ~ r and Hussak (1884)
Doelter and Hussak (1884)
Gorgeu (1883b)
Doelter and Hussak (1884)

FL 102, 103
DII/1, 308
see Friede) (1880)
D IV /2, 705; Gurlt (1857)
DIII/2, 893
DIII/2, 893
DIII/2, 893
DIV/2, 851
DIV/2, 851

~

DIV/2, 847

Ul

Ul

>-i

>
t""'
q
:xl

0

::;:
>-i
~

'":j

:xl

0
~

....q~
~
I

>-i
t%l

'tl
t%l

:xl

>
>-i
e
:xl

t%l

0

t""'

DII/1,
DII/1,
DII/3,
DII/1,
DII/3,
DII/3,

730
730
362
712
362
362

e

....

>-i

0

z

Ul

MnO
MoS,

Molybdenite

MoO,

NaF
NaBe PO,
(Na, K)A ISiO,
NaFeSi,O,
Na,AI,O,,Na,SO,

Na,A l,Si,O,.· N a Cl

Villiaurnite
Berylonite
Nepheline
Acrnite, Aegirite
Nosean

Sodalire

Na N bO,

NaAISi,O,

Albite t

B,O,, Na,B,O,
Molybdates
K-rnolybdate
MoO,
K -rnolybdate
K,CO, + B,O, + Mo0 8
K ,MoO,
Na,SO,- CaCO,
see Be
see K
Na CI
Na,SO,
Na,SO ,
Na,SO,
Na CI
Na C I
Na C I
LiBr
( ---+Li,AI,Si,O,.-LiBr ?)
Na,B,O,

Ebelrnen (185 1b, c)
Debray(1904)
de Schulten (1889a, b, 1891)
Meunier(1887b, 1890)
Guichard (1901)
Mauro and Panebianco
(1881)
Stevanovic (1903)
Doelter, see p. 32

G70
DIV/ 1, 70; G 157
DIV/ 1, 70
DIV/ 1, 70
DIV/ 1, 70
G 93-94

~

-

:z:
Ul

--!

0

G 93-94
D IV/2, 1426

::0

><:

0

."
(')

::0

VVeyberg(1905a, 1907)
Lernberg (1883)
Morozewicz (1899)
VVeyberg (1911 , 1914)
Lernberg (1876)
Morozewicz (1899)
Mügge (1892)
VVeyberg (1905b)

DII /2,
Dll /2,
DII /2,
DII/2,
DII /2,
DII /2,
DII /2,
DII /2,

339
253
253
253
239
239
239
239

Mallard (1887a, b, 1888a, b, G 112
1889), Knop (1871),
Nordenskiöld (1860, 1861a)
VVO,, Na ,VVO,, P,O,, V,O, Hautefeuille (1874), seealso DII /2, 401; FL 136
Friede! (1880)
Na,VVO ,
VVallace (1909)
DII /2, 401
Na,VVO,
Day and Allen (1905)
DII/ 2, 401

><:

Ul

--!

>
r

C'l
::0

0
~

--!

:z:

."

::0

0

s:
Ul

0

r

c::

--!

0

z

Ul

t The sodium feldspar crystallizing at high temperaturcs should be called analbite according to the nomencl ature of Laves ( 1960).
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Table 2.2 cont.
Formula

Name

Solvent

Reference

Source

(")

!"'

Na 2WO,( + H.)
B.o.

NaxW0 3
Nb.o.
Nicollite

NiAs
Ni 3 P
(Ni 5 P)
NiS
Ni 2 Si0,
NiO

Millerite

Os
p
PbO
(Pb 3 0

4,

PbO,)

PbS

Pb SO,
Pb Se
(PbSeO,?)

U<h"g' }
Massicotite
Mini um
Plattnerite
Galena

Anglesite
Clausthalite

B.o.
N iCI 2
Ca-phosphate
NiF 2
NiCI2
B.o., Na.B,O,
NiCI 2 ( + H 2 0)
Ni.(PO,) + K.SO,
Na,B,O, + FeS 2
Pb
P+S
KOH
NaN0 3 , KNO,
KOH
KOH(?)
Na,B,O,
PbO, NH,Cl
Pb
CaC I2
PbCI 2 , NaC I
NaN0 3 , KN0 3

Wöhler (1823)
Mallard (1887a, b, 1888a, b,
1889)
Holmquist (1896, 1899)
Durocher (1851 b)
Garnier, after Jannetaz
(1882)
Poulenc (1882)
Bourgeois (1889)
Ebelmen (1851b, c)
Ferrieres and Dupont, after
Bourgeois (1884)
Gra ndeau (1886)
Debray (1882)
Hittorf (1865)
M itscherlieh (1822-1823)
Michel (1890)
Geuther (1883),
Nordenskiöld (1861 a)
Becquerel (1857)
:VIarigny (1864)
Wei nschenk (1890)
Rössler (1895, 1898)
:VIanross, see Friedel (1880)
:vl ichel (1888)
: VIichel (1888), Diacon
(1888)

-<

DII/2, 401
G 112

"'>--!

G 112
DIV /1, 709 ;:FL 277
DIII/2, 823

I;')

DIV/1, 696
C88
G 70, Gurlt (1857)
G70

."

1:""

!"'

0

:;;
--!

::r:

!"'

0
~

....::r:

I;')

G70
G 38
G 17,19
G 17,19
DIII /1, 209; G 77
DIII /1, 209; G 77, G 76

::r:I

--!
rrl

~

"tt

rrl

!"'

>
--!
c:

!"'
rrl

DIII /1, 211
DIV/1, 420, G
DIV /1,420, G
DIV/1, 420, G
DIV/1, 420, G
DIV/1, 842
DIV/1, T90

152
152
152
152

"'1:""0

c:

--!
....

0

z

Ul

Pb Se
PbCrO,
Pb 5 (As0,) 3 Cl

Pb.(PO,)aCI
Pb.(VO,)aCI

PbK 2 (S0,) 2
PbMoO,

PbMoO,:
9 wt % Bi,Mo 3Ü 12
PbMoO,: Y 2 Mo 30, 2
Pb WO,

Pt
PtAs 2
PtTe 2
Rh
Ru

Clausthalite
Crocoite
Mimetite

Pyromorphite

Vanadinite

Pairnierite
Wulfenite

Stolzite

Platin um

Pb
KCI
PbCI,
PbCI 2
PbCI 2
NaCI( + PbCI 2 )
Na CI( + PbCI 2 )
PbCI 2
Pb CI,

Na,SO,
NaCI + PbCI,
NaCI + PbCI 2
Na CI
Na CI
Na CI
NaCI + PbCI 2
Na CI
Silicates
NaN0 3
Na ,C0 3
Te
Pb, Bi
Na,B,O , + FeS ,

Rössler (1895, 1898)
Manross (1852)
Deville and Caron (1859,
1863b)
Lechartier (1867)
Michel (1887)
Manross (1852, 1858)
Deville and Caron (1863a)
Michel (1887)
Hautefeuille (1871 , 1873,
1883)
Ditte (1883)
Zambonini (1920, 1924)
Manross (1852)
Schultze (1863)
Michel (1881)
see Doelter

G 153

see Doelter
Manross (1852)
Geuther and Forsberg
(1861)
Ebelmen (1851 a)
Köttig (1857)
Murray (1875)
Rössler (1897)
Rössler (1900)
Deville and Debray ( 1879)

DIV/ 2, 805
FL 191

DIV/ 2, 736
DIII / 1, 708
DIII / 1, 708
DIII / 1, 707
DIII / 1, 454
DIII / 1, 454
DIII /1, 454
DIII/I, 837, FL 183

!'l

-"'...,:r
0

::tl

><:

0

":1

(')

::tl

DIII / 1, 837
DIV/2, 634
DIV/2, 797
DIV/2, 797
FL 193
DIV/ 2, 805

><:

"'>...,
r

C'l
::tl

0

:;:
...,
:r
":l

::tl

0

~

G41
G 41
DIV/1 , 788
G 155
G 38
DIV/ 1, 790; G 38

"'r0
...,c::

0

z

"'
+
Vt
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Formula

Name

Solvent

Source

Reference

(")

:l:l

RuS 2
sb.s.

Laurite
Stibnite

SbCI 3
Na.Sex
Al( + Si CI,)

Se
Si

Si0 2

SiO ,
SiO ,

Pb
Na 2 B,O, + FeS,
Sb.O. + S + I

Quartz

Tridymite
Tridymite

Na 2 Si,O. + K 2 SiF 6
Na. WO,, Li . WO,( + Bz0
Li CI

3)

Alkaliphosphates
Na 2WO,, CaCI ,
Li CI
Alkali phosphates,
Silicates
Na 2WO,
Na 2WO,, NaV0 3 , Na 3 PO,

Si0 2
SiP,O ,

C ristobalite

Na 2 B,O ,( + BeO)
HP0 3

Sn

Tin

Pb, Bi

Rössler (1900)
Deville and Debray (1879)
Jannasch and Remmler
(1893)
Durocher (1851a)
Mitscherlieh (1855)
Deville (1856b), after
Senarmont (1856)
Henry, after Miller (1858)
Percy, after Miller (18661867)
Friede! (1888)
Hautefeuille (1880a)
Hautefeuille and Margottet
(1881)
Hautefeuille (1880a)

G 38
DIV/ 1, 790; G 158
DIV/1, 59
Gurlt (1857)
G 33
G 13

-<
r:n

...,]

>
l'"'
C'l

:l:l

0
~

...,]

::z:
'Tl

G 13
G 13
G87
G 87
G 87

:l:l

0

~

....::z:

C'l

::z:
I

...,]

ttl

~

G 89

."

ttl

:l:l

Hautefeuille and Margottet G 87,89
(1881)
DIII / 1, 192; G 89
Rose (1869b)
Hautefeuille (1870, 1878)
Hautefeuille, see Friede!
(1880)
Ebelmen, see Mallard (1887) DII / 1, 278, 199
Hautefeuille and Margottet G 112-113
(1883)
DIII/I, 176
Miller (1843)

>
...,]
c:
:>:1

ttl

r:n
0

l'"'

c:

.......,]

0

z

r:n

Sn0 2

SnS
Sn Se
SnP,O,
CaSnB,O.
Sn Sb
SrSO,

Cassiteritt

Herzenbergite

Nordenskjöldin
Celestite

SrSeO,
SrO
Ta,o.

Th0 2

ThP 20,
TiO,

Thorianite

Rutile

Hg
Stags
Stags
Sn
Na,B,O ,
SnCt,
SnCt,
HPO,
CaC I,e)
Sn
NaCI, SrCI,, KCI
KCI
NaN0 3 + KNO,
Sr(N0 3 ) 2
B,O,( + BaCO,)
B,o.
8,0 3 , Na 2 B,O,
Na,B,O,

Na 2 B,O ,
K,PO,
Na,CO,- ThF,
HPOa
B,0 3 , phosphates, alkali
silicates

G14-t5
Puschin ( 1903)
Abel (1859)
DIII / I , t84
Bourgeois (1888)
DIII/1 , 184; G 95
Vogt (1899)
DIII/1, 184; G 95
Wunder (1870b)
DIII / 1, 184; G 96
G 150
Schneider (1855)
G 140
Schneider (1866)
Hautefeuille and Margottet G 113
( 1886, 1888)
DIII / 2,426
Ouvrard (1906)
Behrens (1898), Stead ( 1897) G 61
DIV/2, 22t, 245
Gorgeu (1883b, 1887b)
Manross, see Friede! (1880)
Diacon (1888)
C90
Brügelmann (1877, 1878)
G 74
Mallard (1887a, b, 1888a, b , GI 12
1889)
Holmquist (1896, 1899)
G 112
Hillebrand(1893, 1896)
DIII/1, 227
Nordenskiöld and
DIII / 1,G86
Chydenius ( 1860)
Rammelsberg (1873)
Bahr (1862, 1863)
Troost and Ouvrard (1889)
Duboin (1908)
Troost (1885)
G 113
DIII/I , 24 ; G 9t
Ebelmen (1851 b, d)

!'l
:I:
Cfl

-l
0
::0

...::

0
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n
::0
...::
Cfl

-l
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r

C'l
::0

0
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0
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0
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Formula

Solvent

Name

Source

Reference

(")

:>:l

Rutile
Anatase
Rutile
Rutile (BaTi0 3 ?)
Rutile
Brookite
FeTi0 3

Ilmenite

MgTi0 3
CaTi0 3
TiP 20,

seeMg
see Ca

CaTiSi0 5
Tl.o.
uo.
Pb,(V0,) 3 CI
wo.

Rose (1867a, b, c)
Doss (1894)
Doss (1894)
Hautefeuille (1880e)
Bourgeois (1886)
Deville and Caron (1861)
Hautefeuille (1864b, 1865)
Hautefeuille (1864b, 1865)
Bourgeois (1892)
Rose (1867a)

DIII/1, 24; G 91
DIII/1, 24; G 91
DIII/1, 24; G 91
DIII/1, 24; G 91
DIII/1, 24; G 91
G91
D III/1, 36, FL 171
DIII/1, 36, FL 171
DIII/1, 43,51
DIII / I , 51

Xenotimc
Zincite
see K
Sphalerite,
Wurtzite

C'l
:>:l

0

~

>-l

::t:
":j

:>:l

0

:::
::t:

Hautefeuille and Margottet
(1886)

G 113

TIN0 3
Na.B,O,
see Pb
Na 2 B,O,
Na. WO, + Na.COa + HCI
Na 2 Mo0, + PbCI 2 +
Bi 2(MoO,)a
YC1 3
Na 2 B,O,

Thomas (1904)
Hillebrand (1893)

G604
DIV/2, 934; G 86

::t:
I

>-l

rr:l

see Ca
Uraninite
Vanadinite

>-l

>

r'

C'l

HP0 3

Y,Mo.o,.
YPO,
ZnO
K-Zn-Silicate
ZnS

Na 2 B,O,
Phosphates
Phosphates
Na.WO,
BaCI 2
Sn0 2 , SiO.
CaF 2 + KCI + SiF, + HCI
K 2 SiF8 + HCI
FeCI 2
Na 2 B,O,

><
Ul

Nordenskiöld (1861b, 1867) DIV/2,811;G110

:::."
rr:l

:>:l

>
>-l

c::

:>:l
rr:l

Doelter

DIV/2, 805

Ul

0

r'

Radominsky (1875)
Florence (1898)

c::

DIII/2, 299

>-l
....

0

z

Ul

ZnCI 2
CaF 2 + BaSO,

Du roch er (185 I a)
Deville and Troost ( 1861,
1865)

Gurlt (1857)
DIV/ 1, 341, G 148

Zn,Si04
ZnAI,04

ZnCr,0 4
ZnFe,0 4

Willemite
Gahnite

Zinc chromite
Franklinite

ZnSi0 3
ZnSe0 4
Zn Se
ZrO,

ZrSiO,

ZrP,O,

K,C0 3 + S
Sn Cl,
ZnF,
B,O,
Ca Cl, + AICI 3 + Zn C l,
8 20 3 + AIF 3 + ZnF,
8,0 3
Na,B,O, + PbO
8,0 3
8 ,0 3

s,o.

Baddeleyite (and
tetragonal
zirconia)

Zircon

NaN0 3-KN0 3
Zn Cl,
Na,B,O,
Na,B40,
Phosphates, Na,B ,O ,
Na,C0 3
Na,B,O,, Phosphates
Na,C0 3
Li,MoO,
Li,MoO,
Na-borate
HP0 3

Schneider (1873a)
Via rd (1903)
Deville (1861 a)
Ebelmen (1848b)
Daubn!e (1854)
Deville and Caron (1858)
Ebelmen (1851 b, d)
Florence (1898)
Ebelmen (1851b)
Ebelmen (1855b)
Traube (1894)
Diacon (1890)
Fouzes-Diakon (1900)
Nordenskiöld (1860, 186 1a)
Knop (1871)
W under (1870a, b)
Levy and Bourgeois ( 1882)
F lorence (1898)
Morozewicz (1909)
Hautefeuille and Perrey
(1888c)
Stevanovic (1903)
Gürtler (1907)
Hautefeuille and Margottet
(1886)

G 148
DIV/ 1,342
DII / 1, 783
DIII /2, 530
DIII/2, 530
DIII/2, 530
D IV / 2, 705; Gu rlt (1857)
0111 /2,661
0111 /2,661; Gu rlt (1857)
DII / 1, 786
DII /1, 786
C90
G 149
DIII/1, 132 ; G 83,93
D III /1, 132; G 83,93
DIII / 1, 13 2 ; G 83,93
DIII / 1, 132 ; G 83,93
DIII /1, 132
DIII/1, 132
DIII / 1, 148; G 92
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DIII / 1, 148; G 92
DIII / I, 148 ; G 92
G 113
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3.1. Introduction
Ccrtain problcms of thc natural scicnccs survivc all gcncrations anJ dcmand
morc interest with increasing data and with increasing penetration into thc
knowledgc of nature. The solutions represent such a fundam ental problem:
their rol e is likewise important in pure chemistry, in technology and in thc
processes in animated and unanimated nature, but their explanation belongs
to the most difficult and challenging problems of chemistry.

These sentences have not yet lost their validity, although they appeared
in a treatise on the historical development of solution theories by P . Walden
(1910) which is recommended for anyone interested in the history of
science. Salutions are certainly understood much less than are gases or
crystalline solids, although simple liquids are now partially understood.
Their structure is determined to a !arge extent by repulsive forces amongst
th e molecules, and the attractive forces (analysed by van der Waals and,
using perturbation treatments, by Barker and Henderson, 1967, 1968)
have a less important effect on the structure (Rowlinson, 1969, 1970;
Bemal, 1968). Much further work, theoretical and experimental, is
necessary to gain an understanding of polyatomic liquids and of solutions,
and here especially systematic experiments and large-scale computer
simulation studies promise to increase greatly the knowledge in this complex field (see Neece and Widom, 1969; Eyring and Jhon, 1969; Barker
and Henderson, 1972).
In the case of high-temperature solutions the state of knowledge is even
59
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smaller. A review of equilibrium theory of pure fused salts has been given
by Stillinger ( 1964) and of thermodynamic properties of high-temperature
solutions by Blander (1964 ). Some results of structural investigations of
malten salts by neutron and X-ray diffraction, by electronic spectroscopy and
by vibrational spectroscopy were reviewed by Levy and Danford (1964),
Smith ( 1964) and J ames ( 1964), respectively. Reviews on all practical
aspects of malten salts and molten-salt solutions are given by Belyaev and
co-workers (1964), Bloom and Hastie (1965), Bloom (1967), Janz (1967),
Mamantov (1969) and Janz and Tomkins (1972, 1973). A modern and
comprehensive survey of theoretical and experimental aspects of ionic interactions in electrolyte solutions and in fused salts has been compiled by
Petrucci (1971) and deals particularly with physicochemical properties of
ionic high-temperature solutions and with crystal field and molecular orbit
theories applied to fused-salt systems. Bloom and Bockris (1959) summarize
the information necessary for a rough estimate of the structure of a molten
salt as follows.

1. The type of entities present, i.e. ions, molecules, complex ions, etc.
2. The nature and effect of hol es or vacancies.
3. Distribution functions relating to the relative positions of structural
entities and holes.
4. The nature of the bonds or interionic forces amongst the various entities
in the melt.
Of great importance is the presence of holes, free space, in the liquids.
The presence of such holes is proved by the volume expansion when solids
melt and by conductivity measurements. It is th e presence of free space in
liquids which favours transport processes.
Krasnov (1968) pointed out that the properties of solutions are closely
related to the radii of the ions. These radii depend on the concentration:
in highly concentrated solutions the ionic radii are similar to those known
from corresponding crystal structures (Samoilov, 1957), whereas in dilute
solutions they approximate to the radii of Böttcher (1943, 1952) which
were derived from undeformed gaseous ions.
In the following a brief description of solution concepts, of solutesolvent interactions and solubilities and of equilibria in solutions will be
given, followed by sections on "ideal" high-temperature solvents, on
phase diagrams and on special solvents.
A rather detailed general discussion of solutions seems necessary with
respect to the understanding of the processes occurring during crystallization from high-temperature solutions. The usual tendency is to consider
only the reactions at the solid interface and to neglect the nature of the
solution itself. From the following sections it will become clear that the
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type of solution and of the solute-solvent interactions may play a decisive
roJe in the crystal growth process. In certain cases a systematic optimization
of the solvent question may enable the experimentalist to decrease the
tendency of unstable growth and to increase the width of the metastable
region in order to prevent inclusions and multinucleation, respectively.
The choice of solvent also determines the degree of solvent ion incorporation and therefore the purity of the grown crystals. I t is interesting to note
that many solvents chosen by experience are often optimum in many
aspects, especially in flux growth of oxides, whereas for other compounds
general rules are given in Section 3.6.1.
Preliminary experiments to synthesize new materials in crystalline form,
as small crystals, do not require an exact knowledge of the corresponding
phase diagram. For the systematic growth of !arge crystals and for the
achievement of a high yield, the phase diagram has to be known to a
sufficient degree. Therefore a discussion of phase-diagram determination
as weil as selected solubility data are given in the last part of this chapter.
3.2. General Solution Concepts
There is no fundamental difference between a solution and a mixture of
liquids but it is convenient in a description of high-temperature solutions
to consider the Jess refractory phase as the solvent while the solute is the
phase which crystallizes first on cooling. The solute may have several
components and solution behaviour may be extremely complex but the
treatment gi ven here will be restricted to basic considerations.
Since the total volume, entropy, enthalpy, etc. of the solution are, in
general, not equal to the sum of the individual quantities prior to mixing
it is necessary to use partial molar quantities. For example, in attempting
to assign a fraction of the total volume to the separate constituents it is
convenient to consider the partial molar volumes i7 1 and i7 2 which represent respectively the changes in volume of the solution on adding one mole
of components 1 and 2 at constant temperature T and pressure p.
It may be readily shown that the Gibbs free energy of an ideal mixture
(as of ideal gases) exceeds the value for the same unmixed material at
constant T and p by an amount

LJG =RT I nA In xA,
.4

where nA is the amount of species A and XA its fractional concentration
=nA /'[,n;). Thus the chemical potential /J-A =o(LJG) jonA of species A

(xA

I

is given by

(3.1)
where the superscript
C2

0

refers to the pure liquid at the same temperature
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and pressure. If a mixture (or solution) exhibits non-ideal behaviour, the
departure from ideality may be expressed in terms of the relative activity
aA which is defined (see Guggenheim, 1967) by
P.A

= P.A 0 + RT ln

(3 .2)

a.·1·

Camparisan of Eqns (3.1) and (3.2) shows that, for an ideal mixture,
(3.3)

a.4 = X.4.

The condition for a solution of material A to be ideal is that its chemical
potential in the solution is the same as that of the pure substance in the
solid state, so that
(3.4)
Division by T and differentiation with respect to temperature gives

(:l.S)
Now it is a familiar relation that

o (p.)
ot r =

- H

1~ ·

where His the enthalpy so that substitution in Eqn (3.5) gives

iJH1

o

p -= RoT in a ..1,

where iJH1 =H..1(s)- H;~ 0 is the enthalpy of fusion.
solution where Eqn (3.3) holds,

o

aT in

.\'.1 =

Thu~ m

an ideal

iJH1
RT2

or

If in x .1 is plotted against reciprocal temperature for an ideal solution, a
straight line of slope ( - iJH1 /R) is obtained with an upper Iimit of In x_.1 = U
at the melting point TM, as in Fig. 3.1. Thus if the heat of fusion and
melting point are known the solubility curve can be plotted and will not
depend on the solvent. Since the entropy of fusion of similar compounds
is approximately constant, a high melting point is associatecl with a 10\Y
solubility. This latter relationwas recognized by Lavoisier (1794) .
The assumption of an ideal solution also requires that Pr~ oc x ..1 (Henry 's
law) where PA is the fugacity or vapour pressure of A. If the constant of
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0

1

T

t

Flt; .

3.1. So1ubi1ity curve for an ideal so1ution.

proportionality is the saturated vapour pressure p .1° of the pure liquid, the
resulting rclation
(l.7)
is knmm as Raoult's law.
Real solutions exhibit departures from Eqns (3.6) and (3.7) and thcse
departures arc often expressed by the deviation from unity of the activity
coefficient a ..,f.\·.,. According to Hildebrand and Scott (1970) non-ideal
solutions may be divided into athermal, associated and regtdar solutions.
In associated sulutions departures from regularity are caused primarily by
bonding betwccn the molecules of one component in the solution, \rh ereas
'l 'ABLE 3 .1. Classification of Salutions
Type of solution

Ideal

Enthalpy of
mixing

Entropy of
mixing

R, - H,o

S, - S 1°

()

Reg ular
N on-ideal, athermal

- Rln.\·1
- Rlnx 1

0

Remarks

at = Xt

v,~v ,
Ot > Xt

v,~v ,

< - Rin x 1

I rregular, associated

>- Rinx,

lrregular, solvated

< - Rln x 1

al

-::::xJ
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in solvated solutions the principal bonding is between solute and solvent
molecules. Athermal solutions represent a particular case in which the
cnthalpy of mixing is zero but the activity does not have the ideal value.
This classification of solution types is indicated in Table 3.1.
Regular solutions approximately obey Raoult's law up to a solute concentration of about 15m% . It has, however, been argued by Haase (1956)
that "regular solutions" are somewhat hypothetical, or at least extremely
rare (the possible exceptions being certain metallic solutions), and several
definitions of a regular solution are in use.
Departures from ideal behaviour may also be displayed graphically on
a plot of the Gibbs free energy of mixing versus composition, as shown in
Fig. 3.2 (Darken and Gurry, 1953).
0

for ideal
solutions

SOLUBILITY

GIBBS FREE
ENERGY OF
MIXING

A
FIG.

Negative deportures
from Raoult's low,
lendency to compound
formation

ACTIVITY

8

3.2. Gibbs free energy of solutions with departures from ideal behaviour.

A positive deviation from Raoult's law corresponds to a smaller solubility forasolid and a negative deviation corresponds to a greater solubility
than would be calculated from the melting point and the heat of fusion of
the solid. The simplest possible model of a condensed system is based on
the assumption that the total cohesive energy is the sum of interactions
or "bonds" between neighbouring entities. The solution theory based on
this model has been developed mainly by Rushbrooke (1938) and by
Guggenheim (1952). A brief discussion has been given by Kleppa ( 1958).
In general, the interaction energy W12 when species 1 and 2 form a
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6s

solution will differ from the arithmetic mean of the individual bonding
energies W 11 and W22 so that there will be departure from Raoult's law.
Hildebrand has suggested that a useful parameter for characterizing the
attraction between molecules is the solubility parameter 8, defined as
(3.8)
where Llw,ap is the energy of vaporization per unit volume of the solution.
The significance of this parameteristhat the energy of mixing of a regular
solution may be written in the form
(3.9)
where cp 1 and cp 2 are the volume fractions of the components of the binary
solution

with V1 and V2 the molar volumes of the pure substances. The usefulness
of the solubility parameter is not generally accepted and other semiempirical descriptions of non-ideal solutions have been proposed (see
Haase, 1956 ).
The condition for complete miscibility of metals accorcling to Hildebrand isthat

However, Mott (1968) has shown that a better prediction of immiscibility
can be obtained if the Pauling electronegativity difference Ws is included,
so that

v! +2 v2 (o<:' 1 -o)
<:'
2
-----2

ws< 2 RT
~

•

(3.10)

The value of Ws in calories is roughly 23,060 77(x 1 - x2 ) 2 , with x1 and X2
the electronegativities of metals 1 and 2 in volts and 7] the appropriate
number of bonds between molecules of 1 and 2. Mott suggests that
7] c::: C.N./2, where C.N. is the coordination number in the solution. Binary
metals systems exhibiting liquid immiscibility are listed in Hildebrand and
Scott (1964 ).
Immiscibility in oxide systems has been described by the screening
concept of Weyl (1956), the electrostatic bond concept of Warren and
Pincus (1940), the ionic field-strength concept of Dietzel (1942, 1948/1949)
and related crystal chemical relations as reviewed by Levin ( 1970). A
theory which predicts the extent of liquid immiscibility gaps in simple
ionic systems has been derived by Blanderand Topoi (1965).
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An obvious and well-known fact is the higher solubility at higher
temperatures for most systems according to Eqn (3.4) for an endothermic
dissolving reaction. The rare phenomenon of retrograde solubility (with
the solubility decreasing with increased temperature) is connected with
an exotherrnie dissolution process.
The effect of pressure on the solubility of solids can be discussed in
terms of deviations from Raoult's law: ideal solutions and solutions with
positive deviation will show a lowering of the solubility with higher
pressure, whereas a negative deviation from Raoult's law is frequently
associated with an increase in solubility with pressure.
For further details regarding the principles of solutions reference may be
made to Garreis and Christ (1965), Darken and Curry (1953), Kleppa
(1958), Hildebrand and Scott (1970), Robinson and Stokes (1968),
Rowlinson (1969, 1970), Prigogine (1957) and Petrucci (1971) and especially
to Reisman (1970).
lonic Solutions

According to Blander (in Mamantov, 1969) the models for malten salts are
simpler than for most other liquids, since the structure of malten salts can
as a first approximation be considered as a dense mass of ionic spheres with
a strong tendency towards alternation of positive and negative ions. Thus,
the total energy of ionic molten-salt systems is equal to the sum of the pair
interactions between cations, anions, and each other, mainly given by the
Coulomb interactions. The potential for a cation-anion pair is given by

k

e2
r

V=- - +- ,
r"

wherenisoftheorderof 8to 12. Fora gaseaus dipolc h = (e 2 r;: - 1/n) ,,·ith r.,
the internuclear separation. For a solid of th e NaCl type,

U

1.7e 2

n

r

- - = - -

--

+-61?
~~

r"

therefore the equilibrium value of r for the solid is about 19% !arger than
r 0 for the vapour molecule if n = 8. Lowering the coordination Ieads to
significant foreshortening and occurs when highly polarizable ions are
stabilized in regions of high fiele! intensity. A simple example is the ioninduced dipole interaction with W = !cxE2 for weak fields where W is the
energy, cx the polarizability, and E the field intensity. Particular symmetries of anions around transition-meta! cations are generated by Iigand
field effects which are dependent on interactions of nearest-neighbour
anions as weil as on next nearest-neighbour cations.
Cobb and Wallis (1969) discuss approaches to solubility with special
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cmphasis on ionic high-temperature (non-ideal) solutions. However their
treatment, which follows standard thermodynamic theory and which is
similar to the discussions of Garreis and Christ (1965), will not be given
here since the necessary knowledge of the thermodynamic quantities is
generally not available. The desired relationship between solubility and
the change in Gibbs free energy is based on the partial molar free energy
of mixing of the solute in the solvent, which itself is a function of the solute
concentration. The calculation of the partial free energy of mixing from
the solubility product concept is only possible when either the solutions
arc completely dissociated (which normally is not the case) or when the
degrce of dissociation (and association) are known as a function of temperature for the given system. For partially ionic systems the easiest
approach is to determine the solubility at various temperatures experimentally and inter- and extrapolate the solubility curve. Some conclusions
regarding the thermodynamic functions, the degree of dissociation and
association might then be drawn from such experimental values.
In order to estimate oxide solubilities the Temkin (1945) model is frequently used. Concentrations are expressed in ionic fractions, and the ionic
activity coefficients are assumed to be unity. Then the solubility product
A:' of a complctely dissociated oxide is defined by ln K'(T) = iJG~<' j RT and
the solubility changes with temperature according to

a [l n

o]·

r '( '/')]T\._

-

-

iJ H"',.. iJ c , (,,.
1')
R P - + JÜ' 2 "' •

llerc iJCp is the difference in the heat capacities of the solid and liquid
oxide solute, iJH"/ its enthalpy of fusion and T"' its melting point.
The greatly simpli.fied approach of Temkin assumes that the heat of
mixing of the oxide in the flux is zero. Nevertheless this model often
predicts thermodynamic properties of unknown flux systems with considerable accuracy.
Of the necessary data generally only T"' is known. Published thermodynamic data are summarized in Table 3.2. For oxides of which the
enthalpies of melting and heat capacity changes are not known, some
rules are available for estimating these quantities. For completely ionized
salts iJS"/ might be estimated by Richard's rule where the entropy of
melting is taken as roughly R, the gas constant (Darken and Gurry, 1953).
ßrice (1973), who gives expressions which may be used to estimate various
parameters, quotes iJS"/ = 8.8 ± 3.8 J(g atom)- 1 CC)- 1 • Non-ionic solids
can have much lower entropies of fusion, and also phase transitions in the
solid near T"' will Iead to low estimated enthalpies of fusion when the latter
are determined using
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TABLE 3 .2. Thermodynamic Properties of Oxides
(Table 2, p. 26, Cobb and Wallis, 1969)
Oxide

Tm[KJ

MgO
CaO
Al,O ,
TiO,
ZrO,
VOz(V,O,)
Nb,O.

wo,

Cu,O
SiO,
SnO,

3173
2873
2313
2106
2950
1815
1785
1745
1502
2001

1898

tJH'.

tJSF

tJCr

Kcal/mole

cal/degree mole

cal/degree mole

18.5
12
26
11.4
20.8
27.21
24.59
17.55
13.4
1.84
11

5.8
4.2
11
5.4
7.0
14.99
13 .78
10.06
8.9
0 .92
5.8

10.1

Cobb and Wallis (1969) estimated using Richard's rule the thermodynamic
data for such oxides which are, according to the rules of Pauling, more
than 70% ionic (and which are supposed to dissociate almost completely
in solution). These data are given in Table 3.3. The difference in the heat
capacities of the solid and liquid oxide are on average 1 cal deg- 1 gram
atom - 1 oftheoxide.
With these thermodynamic data and with Temkin's model the solubility
behaviour of ionic systems can be estimated. However, the estimate ts
TABLE 3.3. Estimated Thermodynamic Properties of Pure Oxides
(Table 3, p. 28, Cobb and Wallis, 1969)
Oxide

Li,O
SrO
BaO

Y,O,
La,0 3
Ce,O.

Eu,o.
Dy,O,
MnO
CoO
NiO

2000
2688
2196
2690
2590
1960
2323
2613
2058
2078
2230

tJH"/

tJs ... •·

Kcal /mole

cal /degree mole

12.0
10.8
8.8
26.9
19.6
19.6
23.2
26.1
8.2
8.3
8.9

6.00
4.00
4.00
10.0
10.0
10.0
10.0
10.0
4.0
4.0
4.0
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very approximate as long as one is unable to take into account the solutesolvent interactions and the degree of covalency.
The solubility model described above for ionic oxides will also hold
approximately for mixed oxides or other complex ionic compounds. The
solubilities of incongruently melting compounds in novel solvents can be
estimated (for the region below the incongruent melting point) by extrapolating from a known phasediagram or solubility curve to the hypothetical
melting point and by estimating the heat of fusion of the compound by
the use of Richard's rule.
Finally the theoretical approach to solutions should be mentioned.
Although statistical mechanical treatments are potentially of great practical
value this field has still remained a domain of theoretical physical chemists
and has not found application in crystal growth from HTS, mainly because
of the Iack of understanding of solutions in general and especially at high
temperatures. Future progress in this field should allow the calculation of
solubilities from basic atomic and molectilar data (Blander, 1964; Sundheim, 1964; Kaufman and Bernstein, 1970; Petrucci, 1971; Reisman, 1970).
3.3. Salute-solvent lnteractions
The characteristic feature of a solvent is its ability to bring into a single
phase (the liquid solution) one or more other (solid) compounds, the
solutes. This dissolution process involves interactions of solvent and solute
molecules which differ according to the types of bonding between solvent
molecules and between solute molecules.
These various interactions and correspondingly the solubility cannot be
connected with the thermal effects observed during dissolution. The heat
of solution is the difference between the lattice energy and the solvation
(hydration) energy, but this difference is small compared with each of the
latter energies. As an example the lattice energy of KCI ( corrected for
298°K) is 169 Kcal jmole, the heat of solution (in water) is LJH = + 4.1
Kcalfmole, and therefore the total heat of hydration is the difference of
164.9 Kcalfmole.
The hydration energy can be roughly estimated for the case where an
ion is brought from vacuum into water, which is taken as a continuous
medium with a relative permittivity, E, equal to 80. From electrostatics
the amount of binding energy is WH = - k(e 2 fr)(1- 1/E), the energy of a
charged sphere in a medium of relative permittivity E being !(e 2 jrE) with
r the ionic radius . For K + with r= 1.33 A the hydration energy would be
122 Kcal/gram atom, and for CI- 89 Kcal jgram atom. Thus the sum for
the idealized estimate of 211 Kcalfmole is much higher than the value of
164.9 Kcal jmole quoted above. The relations between the enthalpy of
hydration of ions and the ionic radii have been reviewed by Morris (1968),
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whereas Fajans (1921) and Fajans and Karagunis (1930) had already
established the correlation between solubility, lattice energy, hydration
energy and the tendency to form solid hydrates.
The silver halides would have a hydration energy similar to KCI but the
lattice energy is much higher by the contribution of the Van der WaalsLondon attraction between the readily polarizable cations and anions,
which explains the low solubility in water. However the silver halides are
readily soluble in the more polarizable solvent liquid ammonia which forms
donor bonds with the silver atoms.
It is also the !arge lattice energy which is responsible for the low
solubility of the mainly ionic oxides ( e.g. MgO 940 Kcal fmole, Al 2 0 3
3618 Kcal/mole), sulphides (e.g. CuS, CdS), sulphates, phosphates,
nitrides, etc. in water.
In high-temperature solutions, especially in those of oxides and oxidc
compounds in molten salts, the type of bonding is mainly ionic. For thc
case where both solvent and solute are ionic a separation (lowering the
Coulomb attraction forces of the solute) and a solvation of the solute ions
will occur. This solvation may be wea k, irregular and constantly Yaryi ng
as in many aqueous solutions, and this case would correspond to the
regular solution defined above. If the solvation action is strong, as in
irregular solutions, therc will bc some additional short-range order, and
rclati vcly stable complexcs or compounds may be formed.
The solvating or complexing action of an ionizing solvent involH·s
ckctron or ion transfer processes. The <lCid-base concept of Lcwis ( 1923)
and the solvent-system concept of acids and bases developed by Gutmann
and Lindquist (1954) enable us in simple cases to describe the abm-c
transfer processes. Lewis acids are defined as acceptors for electrons (or
negative ions) and bases are elcctron donors. Gutmann and Lindquist
distinguish cationtropic and aniontropic reactions depending on the chargc
of the transferred ion. In a cationtropic system an acid is a cation donor
and a base a cation acceptor, whereas in an aniontropic system an acid acts
as anion acceptor and the base as anion donor. For example, halide solvents
are aniontropic favouring the transfer of A.uoride or chloride ions. Howcver,
Payne (1965) raises the question of whether thc terms "acid" and " base"
are necessary for non-protonic solvents. Often there are uncertainties in
the interpretation of the species present in the solution and so it is proposed to use the terms "acid" and "base" only with protonic solvents
(e.g. in aqueous systems) andin such cases where thcre is a clear advantagc.
The acid-base concept with respect to oxides and oxysalts has been
discussed by Flood and Förland (1947) who apply the definition of Lux
(1939)
base = acid + 0 2 -
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to a variety of reactions in high-tempcnlturc chemistry of o:xides. The
oxygen activity corrcsponds to thc hydrogen activity of th e classical
protonic acid-basc concept of ßrönsted (1923, 1934). Thc acid-base
relationship based on oxygen seems to be useful in glasses and in a discussion of high-temperature reactions and stabilities of oxides (Flood ancl
Knapp, 1963). Thus the relative concentrations of the various silicate
anions in the system Pb0- Si0 2 coulcl be estimatecl as a function of composition (Flood ancl Knapp), and phase cliagrams coulcl be calculatecl
(Förland, 1955).
For oxicle systems an earlier approach for finding relationships between
properties anJ composition is that of the cationic fiele\ strengths (Weyl,
1932; Dietzel, 1942, 1948/1949). Compound formation, glass-forming and
immiscible regions in phase diagrams, melting points and stabilities of
oxide compounds, and other properties in oxide systems, especially
silicate systems, were empirically related to the field strength, the attractive
force Z, Zo fa2 between cation and oxygen, with Z c and Zo being the charges
of the cation and oxygen, respectively, and a the distance between cation
and oxygen. r\ n :viscd form of the ficlcl-strcngth concept, the screening

theory, and the acid-base relationships in aqueous solutions, fuseJ salts
and in glass systems was proposed by Weyl ( 1956) and Weyl and Marboe
( 1%2). The field-strength concept was also used by Stoch (1968) to discuss
the liquidus of oxide systems. He showed that the solubility of an oxide
in a binary melt is approximately proportional to the clifference in the
reciprocals of the ionic potentials of the cations of the two components.
The higher the value of the field strength, the less ionic is the bonding.
Thus the fi.eld strength is related to the ionicity of Pauling (1960) which is
expressed in terms of the electronegativity differences XA and xs of cation
and anion by 1 - exp [- HXA - xs) 2]. According to the electrostatic valence
rule of Pauling, the electrostatic bond strength of stable ionic compounds
is defined as Z jC.N ., where Z is the charge of the cation and C.N. is its
coordination number. The concept of the electrostatic bond-strength has
been widely applied to the study of ionic crystals in order to Iimit the
number of possible structures and has been used, for example, by Block
and Levin (1957) and by Levin (1970) to interpret immiscibility in oxide
(glass) systems. ßrown and Shannon (1973) reviewed recent bond-strength
concepts and derived empirical bond-strength/bond-length curves for
oxides.
These empirical or semi-empirical relationships are convenient for the
experimentalist to get some idea of solute-solvent interactions in solutions,
since exact theoretical treatments and thermodynamic data are normally
missing. The initial approaches have been made in the application of
crystal-field theory to ionic melts and of molecular orbital theory to
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partially covalent fused systems. In addition, several experimental techniques such as ultraviolet and visible electronic spectroscopy, infrared and
Raman spectroscopy, nuclear magnetic resonance and X-ray and neutron
diffraction techniques have now been applied to obtain information on
structural details of ion pairing and complexing and on association and
dissociation in molten salts. An excellent compilation of recent approaches
to the investigation of ionic solutions and melts has been given by Petrucci
(1971 ). In addition Mamantov (1969) edited a book on experimental
techniques for the investigation of molten salts.
Depending on the type of solute and solvent there are other forces
between entities in the solutions in place of or in addition to the Coulomb
forces between ions mentioned above. Large ions are polarized by small
ions of high polarizing strength, thus deforming the electron shell of the
former in such a way that electron pairs are formed (another way of
describing the field-strength concept). The bond type is then partially
covalent. In high-temperature solutions the forces between permanent
dipoles (the origin of hydrogen bonding) and between permanent and
induced dipolcs (P. Debye) are not important. In non-ionic solutions,
covalent bonds or the Van der Waals-London type of bonding between
nonpolar molecules dominate. Meta) and alloy solutions generally are
mainly metallic with partially ionic character and many metallic solutions
behave as regular solutions (Kleppa, 1958). Good agreement may be
obtained between fairly simple theoretical models and experimental data,
as shown in the case of solutions of the 111-V semiconductors by Panish
and Ilegems (1972).
3.4. Chemical Equilibria and Complexes in Salutions
The general principles of equilibria in solutions and the law of mass action,
etc., which are applicable in principle also to high-temperature solutions,
are treated in many textbooks on chemical thermodynamics and physical
chemistry, and therefore will not be discussed here. The books of Garreis
and Christ (1965), Smith (1963), Reisman (1970), Kubaschewski, Evans
and Alcock (1967), Blander (1964), Petrucci (1971), Davies (1962),
Nancollas (1966), Harned and Owen (1959), Friedman (1962), Darken and
Gurry (1953), Lumsden (1966) and Mamantov (1969) deal especially with
high-temperature solutions.
The principles of acid-base equilibria have been discussed in the
previous section. In the following discussion on equilibria in solutions we
shall merely discuss some selected topics in reaction and redox equilibria
which are significant for crystal growth from high-temperature solutions.
Complex formation in solutions needs a somewhat more detailed treatment
because of its consequences in the crystal-growth processes. Further
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information on reaction and redox equilibria may be obtained from the
many phase diagrams, of which the most important compilations are
mentioned in Section 3.9.
SOLVENTS AND SOLUTIONS

3.4.1. Redox equilibria

Redox equilibria become important when oxides or other compounds of
a lower valence state of the meta! than that normally stable in air at the
applied growth temperatures have to be grown. Examples discussed here
are EuO and the other europium (II) chalcogenides, V 2 0 3 , and the Ti0 2 _x
phases. Such phases as weil as complex compounds prepared from them
often show interesting semiconducting or magneto-optic properties and
occasionally other interesting effects such as metal-insulator transitions.
This type of compound, however, has generally been little explored,
mainly because of the extreme difficulty encountered in the preparation
of homogeneaus crystals. This difficulty is encountered even for the cases
where the "suboxides" have a relatively broad range of stability, as with
EuO and V 20 3 , but the difficulties are extreme for the suboxides in the
systerns Ti - 0, Nb ~ O, and Ta ~ O. Bartholomewand White (1970) showed
that Ti 3 0 6 and the Magneli phases in the system Ti~O (see Fig. 3.3) can
be grown from Na 2 B 4 0 7 ~B 2 0 3 fluxes under equilibrium conditions if the
partial pressure of oxygen as weil as the growth temperature are controlled
within narrow Iimits.
Generally the oxygen partial pressure of the gas phase is achieved at the
appropriate temperature by gas mixtures containing oxygen (for oxidizing
conditions) and by H 2 0~H 2 , C0 2~ CO, and CO ~ H 2 mixtures according to
Richardson and Jeffes (1948) as shown in Fig. 3.4. For sulphides the
sulphur partial pressures of a variety of sulphides and the corresponding
H 2 S~S ratios as a function of temperature are shown in Fig. 3.5.
More recent thermodynamic data have been compiled by Kubaschewski,
Evans and Alcock (1967), in the JANAF Thermo-chemical Tables, by
Kelley (1961), by Reed (1972) (the latter with practical overlay charts for
the various thermodynamic parameters- standard free energy, partial
pressure, etc.), by J anz (1967) and by Mills (1974).
The characterizati~n of the many possible phases, for example the
determination of the exact stoichiometry, represents a major problern
since the accuracy of chemical analytical methods is generally not sufficient
to differentiate, for instance, between adjacent oxides in the Ti~O system
and to determine the degree of solid solubility. An exact formula, however,
can be derived from a careful X-ray structure determination, and later
identification is then possible by comparison with the X-ray powder
diagram taken with an instrument of good resolution (see Chapter 9).
If the compound ( e.g. suboxide) forms a eutectic with its meta! and has
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only a limited solid solubility range then it may be grown from the excess
meta!. This method was used in the case of the europium chalcogenides
(EuO, EuS, EuSe, EuTe) which were grown from excess europium by
Eick et al. (1956), Shafer (1965) and by Reed and Fahey (1966) . Thc
stability range of EuO was estimated by McCarthy and Vlhite (1967) and
recently the phase diagram of Eu- 0 was redetermined by Shafer et al.
(1972), and is shown in Fig. 3.6.
On the other hand, however, low-melting oxides of a high valence state
of the meta! act as solvent for growth of the suboxide, as was demonstrated
by the growth of V0 2 from V2 0 5 by Sasaki and Watanabe (1964) and by
Sobon and Greene (1966). The phasediagram was obtained by Burdesc
(1957) and is shown in Fig. 3.7. In addition the epitaxial growth of Cr0 2
from Cr0 3 at high pressurewas reported by DeVries (1966).
A special redox equilibrium has given problems to a number of crystal
growers who required to grow chromium-doped compounds from leadcontaining fluxes in order to find candidates for replacement of the ruby
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Iaser (the only Iaser based on chromium transitions), and to grow rarcearth orthochromites:
< -lOOOoC

Cr 2 0 3 + 1.50 2 -

-

-+

> -looooc

2Cr0 3 ( - 5.3 Kcal).

The oxidation of CrH to CrS+ in air in lead-containing solutions probably
startsweil above 1000°C as is evident from experiments to grow chromiumdoped Al 2 0 3 , GdA10 3 , MgA1 20 4 , ZnA1 20 4 , etc. by the slow-cooling
technique: the centres of the !arger crystals (grown between 1300° and
about 1100°C) have the typical reddish ruby-colour of CrH, whereas the
outer region of the crystals (grown below 1050°C) and the small crystals
(nucleated below 1050°C) are colourless-in other words, free from
chromium.
In the determination of the system PbO-chromium oxide in air, Negas
(1968) found the congruently melting (at 918°C) compound Pb 2 Cr0 5 ,
which gives a eutectic of 908°C with Cr 20 3 and of 807° with Pb 5Cr0 8
on the PbO-rich side. However, Fukunaga and Saito (1968) indicted that in
the pure system Cr- 0, Cr0 2 is the only stable phasc below approximately
300°C. This problern of the stability of six- or four-valent chromium at
low temperatures has still to be clari.fied.
In this connection it should be mentioned that the preparation of thc
interesting (for magnetic recording) material CrO~ is quite difficult sincc
it seems to be stable only at low temperatures and since its solubility is
very low at such temperatures due to its high lattice energy. Therefore the
most promising method for such difficult compounds involves the use of
high-pressure solutions (Oe Vries, 1966 ).
Six-valent chromium probably could not be incorporated into the above
oxide compounds because of the difficulty of charge compensation: The
reaction equilibrium and the formation of PbCr 2 0 7 (Grodkiewicz and
Nitti, 1966) are unlikely in view of the phase diagram mentioned above .
In order to incorporate chromium homogeneously into crystals and to
prepare chromium-containing compounds various methods have been
proposed. Remeika (1956) proposed the use of Bi 2 0 3 as solvent instead of
lead-containing fluxes, and Grodkiewicz and Nitti (1966) proposed the
solvent evaporation technique at high temperatures (for a detailed discussion of homogeneaus doping, see Section 7 .1.3).
The previously mentioned chromium oxide redox equilibrium, when
modified for the case of alkali chromates according to Flood and Muan
(1950):
2M2 Cr 20 7 <=±2M2 Cr0 4 + Cr 20 3 (solid)+ 1.50 2
forM= Li, Na, K, and Tl could be used to grow Cr 2 0 3 by slowly increasing
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thc tcmpcraturc of a dichromate melt. The samc principlc of shifting thc
redox equilibrium has been used by McWhan and Remeika (1970) and
by Fogucl and G rajawer ( J!J71) in ordcr to grow V~0 3 crystals by rcduction
of V 2 0 5 in the A.ux.
In several cases acid-base relationships influence the oxidation state of
transition metals in such a way that an increase in concentration of a basic
oxide favours a higher valence state of the transition meta! ion. This was
demonstrated, for example, for glass systems by Paul and Lahari ( 1966)
and applied to growth of nicke! ferrite (spinel) crystals from Ba0- B2 0 3
A.uxes by Smith and EI weil (1968): BaO-rich solutions produced NiFe 2 0 .1
crystals with less Fe 2 ·- than B 2 0 3 -rich A.uxes. Redox equilibria in glasses
have been discussed by Weyl (1951), Tress (1960, 1962), llolmquist (196(J),
Johnston (1966) and by Paul and Douglas (1 9rJ(J).
An important redox equilibrium isthat of
2Fe 3 + +=± fe2+ + Fe'1 1·
since it affects optical absorption and other propertics of magnetic garnets
uf thc typt.: R:/'c 5 0L 2 • This cquilibrium is shiftcd not only by the temperature but also by Ca and Si addition to the Pb0- B 2 0 3 solution. A model
proposed by Nassau (1968) cannot explain all the experimental facts
satisfactorily.
An appreciable number of redox equilibria have been studied in connection with phase-diagram determinations (see Section 3.8), and a classical
paper on this topic has been published by Muan (1958) on the systems
Fe-0, Fe0- Fe 2Ü 3- Si0 2 and Mg0-Fe0-Fe 2 0 3-Si0 2 • The study of
redox and other equilibria is one of the main fields of modern experimental
and theoretical petrology, as discussed for example by Garreis and Christ
( 1965).
3.4.2. Reaction equilibria

Instead of a general discussion on phase equilibria and phase diagrams
wc wish to restriet the discussion to a few special groups of reactions,
which are important for the experimentalist (and sometimes overlooked).
Temperature-dependent chemical reactions of the type (Barrer, 1949)
Al 2 0 3 + 3CaF 2 +=±3CaO + 2AIF 3
are worth mentioning since they can Iead to an extreme loss by evaporation
of the most volatile component (here AIF 3 ). A similar equilibrium was
proposed by Morozewicz ( 1899):
Si0 2 + Na 2 W0 4 +=±Na 2 Si0a + W0 3
with

wo:J as the

Hllatilc compound. Thc shifting of thc ahovc cquilibria
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is obvious from the law of mass action and the principle of Le Chatelier.
Other temperature-dependent equilibria are significant for the preparation
of simple oxides or oxide compounds, respectively, for instance the
reactions postulated by Grodkiewicz and Nitti (1966):
1200' C

PbHf0 3 :=====:: PbO + Hf0 2
1200'C

PbTi0 3 :::=====:: PbO + Ti0 2 •
These reactions suggest that Hf0 2 and Ti0 2 can be prepared from leadcontaining ftuxes only by solvent evaporation above 1200°C, and PbTi0 3
and PbHf0 3 have tobe grown at much lower temperatures.
These few examples of equilibria demonstrate their significance for
crystal growth from high-temperature solutions, and the principles
outlined in this chapter on solvents and solutions should be kept in mind
when "inexplicable" results are obtained .
A sperial case of reaction equilibria in solutions is shown by the reciprocal
salt systems. These are mixtures of salts containing at least two cations and
two anions, which in the simplest case undergo the reciprocal reaction

AX+BY+:tAY+BX.
The thermodynamics of reciprocal systems, their deviation from ideal
solution behaviour and its explanation, the reciprocal Coulomb effect, and
some theoretical approaches with experimental evidence have been
reviewed by Blander (1964) and Blanderand Topoi (1965). Several aspects
of phase diagrams of reciprocal systems have been discussed by Ricci
(1964).
Instead of losing reactants by evaporation, reactants can be transported
to the system. As an example, for the growth of GaAs crystals or layers
AsCI 3 is transported to the gallium solution. GaP is produced according
to (Plaskett, 1969) 2Ga + 2PH 3 ~.-2GaP + 3H 2 • This growth mechanism
is similar to the V LS mechanism (Section 7.1.2.C) where crystal constituents are transported by ~apour, enter the !iquid solution in order to
be transported to the growing (§olid) crystal.
Another type of reaction involves reactive gases which decompose
constituents of the solvent in order to form the required phase (Brixner and
Babcock, 1968), for example,
BaCI 2 + 6Fe 2 0 3 + H 2 0 - .-BaFe 12 Ü 19 + 2HCI.
Further examples of reactions in high-temperature solutions are given
in Section 7.1.2.C.

3·

SOLVENTS AND SOLUTIONS

81

3.4.3. Complex formation in solutions

The solubility is increased by solvation and by complex formation in the
solution as weil as by other salute-solvent interactions. Camplex formation
and other forms of association generally result in maxima or minima when
the following properties are measured and plotted versus composition:
density, liquidus temperature, vapour pressure, viscosity, specific conductance, surface tension, etc. However, such maxima and minima are not
necessarily indicative of complex formation and results must be interpreted
with care. The deviation from the ideal solubility curve may indicate the
degree of association as shown in Section 3.2. Valuable information an the
coordination of many elements in malten salts or solutions is obtained by
various other experimental and theoretical techniques as discussed by
Petrucci (1971) and by Mamantov (1969).
Spectroscopic evidence for groups of ions of well-defined symmetry has
often been established, especially of configurations of transition meta)
ions. Such spectroscopic studies are performed on a time scale orders of
magnitude fastcr than thc diffusion time. Therefore the observed local

structure is often described as "configuration", "centre" or "group".
The term "complex" or "species" should be used only for such groups
which have a lifetime long with respect to the characteristic diffusion
times. The lifetime is important with respect to the method of investigation, but also with respect to transport phenomena. The "holes" in liquids
are small compared with the size of the species, and generally the quasilattice model gives a more realistic and preferable description of a liquid.
Therefore, the motion of complexes as weil asofother species is connected
with a cooperative rearrangement in a volume (of the liquid) !arge compared to that of the complex. In the absence of applied fields this results
in random diffusive displacements. However, the presence of an electric
field in electrolysis, or of a concentration gradient ahead of the crystal
growing from a supersaturated solution, imposes a directional bias so that
!arge complexes can have an appreciable mobility. The presence of the
field implies that the moving complex has to move against the stream of
other particles (of opposite or neutral sign in electrolysis, of solvent in the
case of solution growth) in such a way that no (!arge) holes are formed.
Vibrational spectroscopy, especially Raman spectra, can give more
information on complexes in high-temperature solutions than electronic
spectroscopy. However, the observed number and frequency of the Raman
bands are dependent on the force constants, masses and geometrical
arrangement of all the ions in the quasilattice of the solution. Only when
the force constants of the complexes are !arge compared with those of the
rest of the solution is it possible to relate the number of observed bands
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by group theory to the symmetry of the complex in question. In sevcral
cases unambiguous information on the geometry of complexes has been
obtained from vibrational spectra which in other cases are prone to
misinterpretation.
In several solution systems which can be quenched as glasses, evidence
on the type of complexes and on the coordination can be obtained from
optical spectra of the glasses, as discussed by Berkes and White (1966), or
by other techniques such as electron paramagnetic resonance or tht:
Mössbauer effect.
However the difficulties of most of the above techniques increasc at
high temperatures and often make measurements impossible. Thereforc
little information on complex formation in high-temperature solutions
is available for temperatures above 800°C which is a lower Iimit for most
crystal growth. Reviews on complex ions in molten salts have been given
by Van Artsdalen (1959), Blander (1964), Bloom (1967), in the review
"Molten Salts as Solvents" by Bloom and Hastie (1965) and in the books
of Mamantov (1969) and Petrucci (1971 ).
As an example of the dependence of viscosity on complcx formation,
Fig. 3.8 shows viscosity isotherms for the systems KCI-MgCI 2 (a) and
NaF- AIF 3 (b). In both cases the complex formation as a precursor of
compound formation (KMgCI 3 , Na 3 AIF 6) is indicated by singularities in
the viscosity isotherms. Also the decreasing tendency of complex formation
at higher temperatures is obvious from Fig. 3.8. Complex formation is to
be expected frequently in molten compounds having a congruent melting
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point as was shown above. Phase diagrams are thereforc cxpected to give
indications of complex formation in the melts in which, at least at not too
high temperatures, the short-range order or the corresponding crystalline
phase is preserved. Hence the many phase-diagram determinations play
a major role in the study of complex formation. Cryoscopic measurements
also indicate the degree of association as was demonstrated by a number of
measurements by Rolin (1951) on the effect of a variety of oxides on the
melting of cryolite (Na 3 AIF 6). A review of cryoscopy and phase relations
in dilute molten-salt solutions was given by Kozlowski (1970).
The formation of complexes in melts of congruently melting compounds
increases significantly as the liquidus temperature is approached. This is
provecl by measurement of the specific conductance (Bioom, 1963). A
mixture of PbCI~ and NaCI shows the normal relation between specific
conductance and temperature, i.e. an almost linear dependence on
approaching the liquidus temperature to within a few degrees as shown
in Fig. 3.9. The CdCI 2 - KCI mixturc (with the congruently melting
compound KCciCI 3 ), however, shows a strong clecrcase of conductance at
:dJout 30 - 40 ° abo,·c thc liquidus ternpcraturc, which rnay indicate a

tendency to complex formation.
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Another factor favouring complex and compound formation is thc
difference between solute and solvent with regard to their acid-base
character according to Lewis (1923, 1938). As an example, the difference
in compound formation in molten-salt mixtures of AICI 3 and of SbCI 3 is
shown in Fig. 3.10 (Kendall et al., 1923). In the little-reactive SbCI 3 the
Cl as weil as the Sb ions have a noble gas electron configuration, whereas
in the case of A1Cl 3 the aluminium is lacking two electrons from a noble
gas electron con.figuration and therefore tends to react with other salts.
Molecules of high polarizability show a !arger tendency to chemical
combination and complex formation in the solution than those of low
polarizability. This fact is weil established from the phase diagrams of

:c .e_ :

: C9.:

:c ~ :
....
: cz: sb:
: c:.:
FIG.

3.1 0. Electron configuration of AICI,, SbCI 3 and of KAICI,.

Iead chloride with the alkali halides which show an increasing degree of
compound formation with increasing radius of the alkali ion. Thus
PbCI 2-NaCI forms a simple eutectic, while in PbCI 2-KCI one congruently
and one incongruently melting compound are formed, andin PbCI 2-RbCI
three congruent compounds exist.
An interesting case of the utilization of complex formation was reported
by Kunnmann et al. (1965) who described the crystallization of transition
meta! oxide compounds from sodium tungstate-sodium pyrotungstate
solutions as will be discussed in Section 3.6.
Also discussed later (Section 3.6.2 and Chapter 7) will be the roJe of
complex formation in determining not only the solubility but also the
width of the metastable range. The effect of complex formation on mass
transport and, through its effect on desolvation and interface kinetics, on
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the stability of growth may also be appreciable. There are cases where
complex formation is desirable in order to achieve a sufficient width of the
metastable region in order to prevent multinucleation (as in growth of
Zr0 2 , Th0 2 , SrTi0 3 , Ti0 2 , etc. from alkali fluoride flux es). On the other
hand, complex formation should be prevented in viscous solutions such
as in borate fluxes.
The success of several complex solvent mixturessuch as PbO- PbF 2 or
PbO- PbF 2-B 2 0 3 is due not only to their high dissolving power but also
because these excellent solvent systems appear to show an optimum degree
of complex formation and an optimum viscosity, therefore a sufficiently
broad metastable region. On the other hand, the complexes formed are
not stable enough to retard the interface kinetics.
Such Statements are all qualitative. Further systematic experimental
and theoretical work is necessary to find quantitative information on
complex formation in solution and its effect on the crystal-growth processes.
The roJe of complex formation ahead of the growing crystals and its influence on the habit is discussed in Section 3.6.3, in Chapter 5 and in
Section 7.1.1.
3.5. High-temperature Solventsand Solutions
It is generally desirable that the aspects outlined in the first part of this
chapter should be systematically applied to high-temperature solvents and
solutions. Very little work has been clone to date on the solubility of oxides
in molten salts and on the structural interpretation of solutions of oxides
(and chalcogenides generally) in molten salts. Other high-temperature
solutions like metallic-ionic systems have also not been studied in detail.
This may partially be attributed to the fact that the conditions (high
temperatures, high volatility) are extremely unfavourable for experimental
investigations. Another reason isthat crystal growth from high-temperature
solutions has become really active only in the past 15 years. Therefore it is
no surprise that in most reviews and books on molten salts little (or no)
attention has been given to solutions of oxides in molten salts. Crystal
growers normally are unable to find the time for such basic investigations.
However, information on such systems is urgently needed for the selection
of the optimum solvents and growth conditions. What kind of interaction
of solute and solvent is desirable for a high solubility, a reasonably broad
metastable region and a small tendency to inclusion formation? This
important question can only be answered by systematic studies of the
structure and type of solution (deviation from ideality, degree of solvation)
on a variety of molten salt-oxide systems and by comparison with crystalgrowth experiments.
Compilations of solvents used for crystal growth from high-temperature
D
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soluticms have been given by Laurent (1969), Wanklyn (1975) andin Chapters 2 and 10, and several aspects of HTS are discussed by Elwell (1975).
Fortunately, since about 1966 a new field of physico-chemical investigation has been directed towards ionic, covalent, and metallic melts at "high"
temperatures. But the "high" temperatures of such investigations rarely
reach 1000°C due to the principle of the method or to experimental
difficulties, and so there is little direct relevance to crystal growth from
high-temperature solutions which is mostly carried out above 1000°C.
Nevertheless the results obtained in research on high-temperature melts
are very valuable for crystal growers, and it would be of great interest to
increase the research on high-temperature solutions to include systems of
interest for crystal growth at temperatures above 1000°. There is a Iack of
basic information on high-temperature solutions, and a systematic investigation of such properties as density, expansion coefficient, viscosity,
thermal and electrical conductivity, heat capacity and on structural
properties (association, dissociation) needs to be carried out so that the
data obtained can be correlated with crystal-growth phenomena. The few
measurements which have been carried out will be discussed in Section 3.7.
3.6. Choice of Solvents
3.6.1. Properties of ideal high-temperature solvents

The wide variety of substances crystallized from high-temperaturc
solutions make a generalized discussion of an ideal solvent difficult.
The first indications of requirements for high-temperature solvents were
given by Anikin (1958), and additional aspects have been listed in the
several reviews on fl.ux growth which were cited in Chapter 1. In the following we shall discuss the published criteria for the choice of solvents
and add some of our own observations.
The main requirement of a solvent is that it will dissolve th e soh1te to
an appreciable amount, a practical minimum being of the order of onc
per cent. Generally one can say that crystal growth is facilitated by a high
solute concentration if the required temperature is not too high and if the
solution is not too viscous. A favourable viscosity of the solution is 1
centipoise to 1 poise, while the maximum practical viscosity would be
about 10 poise. The solvent must not react with the solute to form solid
compounds, or if it does, these compounds must not be stable in the
crystallization temperature range of the phase requircd. Furthermore the
range of solid solutions between solute and solvent should be as small as
possible, and often it is the incorporation of solvent ions into the grown
crystals which prevents the application of a particular solvent. The desirable properties of an ideal solvent are listed in Table 3.4.
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3.4. Properties of an Ideal Solvent

High solubility for the crystal constituents.
The crystal phase required should be the only stable solid phasc.
Appreciable change of solubility with temperature.
Viscosity in the range of I to 10 centipoise.
Low melting point.
Low volatility at the highest appliec.l tcmpcraturc {cxccpt whcn thc solvent
cvaporation technique is used).
Low reactivity with the containermaterial {sec Chapter 7).
Absence of elements which are incorporated into the crystal.
H.eady availability in high purity at low cost.
Density appropriate for the mode of growth {sec Chapter 7).
Ease of separation from the grown crystal by chemical or physical rncans {sec
Chapter 7).
Low tendency of the solvent to "creep" out of the crucible (sec Chapter 7).
Low toxicity.

There is no solvent which fulfills all these ideal properties and a compromise is always necessary, depending on the type of the crystal and on
thc requirement of size and quality which makes some "ideal" property
particularly important. The first three properties of Table 3.4 have to be
fulfilled if a high yield of crystals is to be achieved by any of the normal
tcchniques used to obtain supersaturation. A low viscosity is desirable to
facilitate the achievement of a sufficiently homogeneous solution and of a
fast stable growth rate as discussed in Chapter 6, so that crystal growth
occurs uniformly at low supersaturation. A low melting point implies that
crystal growth may occur at a convenient temperature in order to prevent
destructive phase transitions, volatilization of solute or solvent constituents,
and a high conccntration of equilibrium defects. Often incongruent
melting of the phase to be crystallized necessitates a low growth temperature. In addition, high temperatures are inconvenient with respect to
furnace and power requirements. The other points will be discussed in the
next sections except for the last "ideal" property, the low toxity, which
is obviously desirable but very rarely fulfilled. For instance, the most
popular solvents for oxides and oxide compounds contain Iead and fluorine
and are therefore very poisonous and most high-temperature solvent
chemieals are poisonous to some extent. Therefore care must always be
taken in handling chemicals, especially if they are in fine powder form,
during the weighing and crucible-filling procedure. Poisonous vapours
from the hot furnaces are also dangeraus and may cause acute or chronic
illnesses.
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3.6.2. Crystal chemical aspects of choice of solvents

The various types of interaction between solute and solvent have been
mentioned above (Sections 3.3 and 3.4). From the solubility point of view
one would like to have a great chemical and crystal-chemical similarity
between solute and solvent, but that generally favours mutual solid
solubility. Therefore the optimum choice is a solvent which is chemically
similar in the type of bonding to the solute, but crystal-chemical differences
should exist in order to prevent solid solubility between solute and solvent.
Most experience has been gained from flux growth of oxides which are
therefore takcn as examples for the discussion of many questions. Obvious
crystal-chemical differences are established by differences in ionic size
or in the stable valency states at the growth temperature. If these differences
are !arge enough and if they are not compensated by solvent constituents
TABLE 3.5. Examples of Solvent-solute Pairs with Crystal-chemical Differences
Difference of Cntionic nnd Anionic Rndii
Ce0 2 , Th0 2 from Li,WO,
CoO, Ti0 2 from NaCI
Difference of Cationic Radii
MgO, MgAI ,O, from PbF,, Be 3 AI,Si 3 0
Y 3 Fe,0 12 from Ba0.0.6B 20 3
Al 20 3 from LaF 3

18

from Li 2 Mo0,, Na 2 Mo0,, etc.

Difference of Anionic Radii
BaTi0 3 from Ba Cl,
PbZr0 3 from PbCI,
Ba WO, from BaCI 2
CaO, CoO, CuO from NaC!
Difference of Valency States of both Cation and Anion
PbTi0 3 , BaTi0 3 from KF
Al 20 3 from PbF,
Y,Si 30 12 from KF
Ti0 2 from Na 3 AIF 6 , NaC!
Difference of Valency State ofCation
V0 2 from V,O,
ZrSiO, from Li,O-Mo0 3 , Na 20-Mo0 3
Al 20 3 from PbO
Difference of Valency State of Anion
Al 20 3 from LaF 3 , PbF 2
MgAI 20 4 , MgO, TiO,, MnO from PbF,
BaTi0 3 from BaC1 2
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or by impurities, little incorporation of solvent ions into thc crystals
grown can be expected.
Examples of crystal-chemical differences between solutc and solvent
ions are given in Table 3.5 .
A clear correlation between crystal-chemical differences between solute
and solvent and the concentration of incorporated impurity is not possible
since most chemical analyses will be influenced by solvent inclusions due
to unstable growth. Therefore only such analyses can be discussed which
show low impurity concentrations, whereas high impurity concentrations
of ions of different (from the solute) valence states indicate flux inclusions
(not incorporation of flux ions into the crystallattice) except for such cases
where charge compensation is possible. As an example of the increase in
impurity concentration in the presence of charge-compensating impurity,
Barczak (1965) reported that the cosolubility of V 2 0 5 and Niü in haematite, Fe 20 3 , was much higher than the separate solubilities of these compounds. Some examples of high impurity concentrations have been reported and these are plausible when the crystal-chemical differences are
small. For cxamplc, it may bc cxpccted that rare-earth cornpounds grown

from bismuth-containing fluxes, and niobates and tantalates grown from
vanadate fluxes contain !arge amounts of bismuth and vanadium, respectively, as shown in Table 3.6.
Table 3.7 lists examples of low impurity contents of crystals grown
from solvents which have !arge differences in ionic radii and jor valence
state compared with the solute.
Care is necessary for those cases where either the solute or the solvent
contains ions of variable valency state, especially the transition meta! ions.
Cations of V, Nb, Ta, Cr, Mo, W, Ti, Fe and the other iron-group elements
and several rare-earth elements readily change their valency state and can
therefore reduce or eliminate crystal-chemical differences between solute
and solvent which arise from differences in the valency states (and ionic
radii). In such cases unexpected incorporation of impurities ( direct, or
indirect through charge compensation) might occur and should be miniTABLE

3.6. Substitutional ßj H Concentration in Crystals Grown from
Bi-containing Solvents

Crystal

Solvent

lmpurity

Reference

GdAl0 3
TbAl0 3
TbNbO,
GdVO,
Dy.Fe 5 0, 2

Bi,O.-B,Oa
Bi,0 3-B 2 0a
Bi,o.-v,o,
Bi,o.-v,o,
Bi,o.-v,o.

5.5 % Bi
1.4% Bi
2% V,4 % Bi
7% Bi
20 % Bi

Wanklyn (1969)
Wanklyn (1969)
Garton et a/. (1972)
Garton et a/. (1972)
Garton et a/. (1972)
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TABLE

3.7. lmpurity Concentration in Crystals Grown from Solvcnts with a Largc

Difference in lonic Radii and/or Valence State
Crystal

Solvent

lmpurity

Reference

LiFe 5 0 8
Al 20a
Al 2 0 3
Niü
ß-Ga 2 Üa
MgA1 2 0,
MgA1 20,
MgGa 2 0,
GdFeOa
Y,Al 5 0 12

Pbü
PbF 2
PbO- PbF,
PbF 2
PbO-PbF 2
PbF 2
PbF 2

0.2 % Pb
0.05 % Pb
0.05-0.1 % Pb
0.1 % Pb
0.07-0.2 % Pb
< 10 ppm Pb
0.1 % Pb
0.02 % Pb
0.05 °'~ Pb
0.01 '; ~ Ph

Folen (1960)
Giess (1964)
Chase and Osmer ( 1964)
Hili and Wanklyn (1968)
Katz and Roy (1966)
Cloete et al. (1969)
Wang and McFarlane (1968)
Giess (1962)
Wanklyn (1969)
Van Uitert e/ al. (1965)

Npü,
Npü~

GdVO,
ZnS
CdS
FeS.,
CdCr~Se,

PbO-PbF~

PbO-PbF.
PbO- PbF~-R 2 0"
with excess Al~O"
PbF 2 - B~O•

I.i 20-Mo0"
Pbü-V,O,
Na~Sx (X = 2-5)
Na~Sx (X = 2-5)
Na,Sx (X = 2-5)
CdCl~-PbCl~

0.02 % B, 0.1 ~;. Ph
10 ppm Mo
0.03 % Ph
35 ppm Na
30-50 ppm Na
65 ppm Na
< 50 ppm Pb

Finch and Clark (1970)
Finch and Clark ( 1970)
Garton el al. (1972)
Scheel (1974a)
Scheel (1973, 1974a)
Scheel ( 1974a)
Kuse (1970)

mized by proper control of the experimental conditions (temperature,
oxygen partial pressure ).
A few examples are given in Table 3.8 of high impurity concentrations
in flux-grown crystals which could only be explained by:
a. flux inclusions (which can be too small to be detected by the naked eye
or which are difficult to detect in the opaque orthoferrites),
b. unusual valence state of a cation (e.g. Fe 4 + , Pb4+),
c. a high concentration of vacancies,
d. a high concentration of charge-compensating impurities, or
c. by a combination of these effects.
In case of Hf0 2 a charge-compensated replacement of Hf1 t- + 0 2 - by
Bi 3 1 + F - would be possible if the ionic radii of Hf4 1 and Bi 3 + were not too
different. Such questions could be answered if complete impurity Ievels
were determined and published. The possibility cannot be excluded that
flux inclusions are responsible for some of the high impurity concentrations
listed in Table 3.8. This is also indicated by the low Iead incorporation
(0.05 % Pb) reported for GdFe0 3 grown from PbO- PbF 2 flux (see Table
3. 7) compared to the 0·9% Pb for the same compound listed in Table 3.8. I t
is questionable whether such a difference could be accounted for by different growth conditions. Remeika and Kometani (1968) suggested the com-
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TADLE 3.8. lligh Impurity Concentrations in Some Flux-grown Crystals
Crystal

Solvent

lmpurity

Reference

I. HfO,
2. Gd,Tiü,
J. LaFe0 3

BiF 3 - B,O"
PhO
PbO- BPa

5°6 Bi
Pb
13 ~ o Pb

4 . RFcü"

PbO- B,Oa

(R La- Lu)
S. GdFeO"

l'bO- B,<>"

1!.08 ':~ to
13.4 ' :~ Pb
U.?':u Pb

Grodkiewicz and Nitti (1966)
Garton and Wanklyn (1968)
Remeika and Kometani
(1968)
Remeika and Komctani
(1968)
Rcmcika and Komctani
(1968)
Gicss et a/. ( 1970)

6. Gdn.;T"mn. 1 Fe<)" l'bO- l'hF, - B/>"

4~0

11.72': 0 Pb

TADLE 3.9. Examples of SolventsChosen for their Similarity with the Solute
Crystal

So lvent

Reference

I. Conunon catio ns
and cmnnwn anions:
BaTiO,, SrTi0 3
TiO ,
Ca,(P0,) 3 CI
Ca Cl,
Pb 3 MgNb,O.
PbO
Pb,CoWO.
PbO- PbWO,
NaCrS,, NalnS,
Na,Sx (X = 2-5)
KFeS,
K,Sx (X = 2-6)
ZnS
Ba,ZnS 3
K(Nb, Ta)0 3
K,co.

Beln1ss et al. (I 'J71)
Prener (1967)
Mylnikova and Bokuv ( 1962)
Bokov et al. (1965)
Scheel (1974a)
Scheel (1974a)
Mal ur (1966)
for example: Wilcox and Fullmer (1966)

2. Com mon cations:
BaTi0 3
CdS
FeS,
PbTi0 3
PbZr0 3
CdCr,Se,

Blattner et al. (194 7)
Bidnaya et al. (1962)
Wilke et al. (1967)
Nomura and Sawada (1952)
Jona et al. (1955)
Bergerand Pinch (196 7)

Ba C I,
Cd Cl,
FeBr 3
Pb Cl,
PbF,
Cd Cl,

3. Common anions:
Ca WO,
Na, WO,
Oxides
PbO, Bi 20 3 , V,O, etc.
RVO,
Pb,V,O ,
RPO,
Pb,P,O,
v,o,
RVO,

Robertson and Cockayne (1966)
Many examples (see Chapter 10)
Feigelson (1968)
F eigelson ( 1964)
Brixner and Abramson (1965)
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pensation of the Pb2+ incorporated into RFe0 3 by four-valent iron, whereas
Lefever et al. ( 1961) proposed dendrite formation and trapping of flux.
If unusually high impurity concentrations are observed and if there is
indication of the formation of solid solutions (for instance from the absence
of inclusions) this should be checked by appropriate techniques (see
Chapter 9) and in many cases an exact determination of the lattice constants clarifies the situation.
Another approach for the choice of good solvents is to Iook for those
with anions or cations in common with the solute. The examples in
Table 3.9 illustrate this possibility.
In many cases little solid solubility is to be expected (at not too high
growth temperatures) when there are !arge differences in the type of
bonding between solute and solvent. Normally this advantage has the
great handicap of a low solubility, but in several cases this choice of
solvent has been applied successfully as in the preparation of metals from
ionic melts or in the crystallization of BaO using Ba as solvent (Sproull
et al., 1951; Libowitz, 1953).
In summarizing the choice of solvents by crystal-chemical principles
it may be stated that, by a proper choice, impurity Ievels of less than 0.1 %
(often in the ppm range) can be achieved as long as stable growth (see
Chapter 6) takes place and solvent inclusions are prevented, and high
purity chemieals are used.
3.6.3. Additional criteria for choice of solvents

Several authors (J. W . Nielsen, E. A. D. White, and others) attributed the
excellent solvent properties of PbO, PbF 2 , Bi 20 3 , KF and BaO x 0.6B 20 3
to the high polarizability of the respective cations. But a number of
excellent solvents are known which do not contain readily polarizable
cations, for example Na 3 AIF 6 , LiF, Na 2B40 7, whereas several others show
a medium degree of polarizability, such as the vanadates, molybdates and
tungstates. One possibility seems to be that solute and solvent ions should
not have too !arge a difference in their polarizabilities according to the
similarity rule. On the other hand, !arge differences in polarizability, the
solvent being readily polarizable (!arge ions) and the solute having a high
polarizing strength (small ions), or vice versa, may have the effect of strong
solvent-solute interactions and thus Iead to higher solubilities unless stable
compounds are formed (see Section 3.3).
Quite often the materials with good solvent properties are those which
form compounds with the solute at lower temperature or in a different
concentration range, or which can be considered as reciprocal salt systems
(Scheel, 1974b). The relation between solute-solvent compound formation
and solubility is analogous to the effect of hydration on solubility in water
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(see Section 3.3). Cases of this type are listed in Tables 3.10 and 3.11. In
Table 3.10 only simple solute compounds are listed but the same arguments which hold, for instance, for Fe 2 0 3 are also applicable to Fe 2Ü 3 containing compounds (R 3 Fe 5Ü 12 , M2+Fe 2Ü 4 , RFe0 3 , etc.). Complex
solvents are excluded from the Table for simplicity. Table 3.10 shows that
TABLE 3.10. Examples of Solute-solvent Pairs which Form Compounds
(C = Congruent Melting, I = Incongruent Melting)
Solute
AI.Oa
Fe,o.
Cr 2 0 3
Ti0 2
ZrO,
La.0 3 (R 2 0
AI,O.
ZnO
La 2 0 3
MgO
Cr,o.
AI.Oa
NiO
ZnO
Zr0 2
Fe 20a

3)

Solvent

Compound

Melting point

PbO
PbO
PbO
PbO
PbO
PbO
B.o.
B2 0 3
B.o.
B.o.
v.o.
v.o.
v.o.
v.o.
v.o.
Bi,0 3

PbAl,O,
PbFel,ol.
Pb 2 Cr0 5
PbTi0 3
PbZr0 3
La 2Pb,O,
AI,B,O.
Zn,B,Ou
La.B,O"
Mg.B,0 6
CrVO.
AlVO,
Ni.v,o.
zn.v.o.
ZrV,O,
Bi,Fe.o.

980°C
1315°C
918°C
1295°C
1570°C
1220°C
1035 °C
1045°C
1386°C
1356°C
810°C
695 °C
1210°C
890°C
750°C
920° /960°C

I
I
C
C
I
C
I
I
T

C
I
I
I

c
I
I

Phase diagramt
280
282
2134
2561
2330
2328
2339
300
321
261
333
320
279
2338
2405
2358/2357

t Number of the phasediagram from the compilation of Levin et al. (1964, 1969).
TABLE 3.11. Examples of Solute-solvent Pairs which Tentatively can be Described
as Reciprocal Systems
Solute
CuO (orCaO,
CoO, NiO)
CaWO,
BaSO,
BaTi0 3
ZnS
Al.Os
Y.o.
SrTi0 3
Zn.SiO,
CaSi0 3
Y 3 Fe 5 0 12
D2

Solvent
Na Cl

Reaction
CuO + 2NaCI<=tCuCI 2 + Na 2 0

NaCI
CaWO, + 2NaCI<=tCaCI 2 + Na 2W0 4
NaCI
BaSO, + 2NaCI<=tBaCI, + Na.SO,
KF
BaTi0 3 + 2KFt=tBaF, + K 2Ti0 3
PbCI,
ZnS + PbCI 2 t=tZnCI 2 + PbS
PbF,
Al.Os + 3PbF,<=t2AIF. + 3Pb0
PbF,
Y 2 0 3 +PbF 2 <=t2YOF+PbO
PbF,
SrTi0 3 + PbF 2 <=tSrF 2 + PbTi0 3
Li.Mo,O, Zn.SiO, + Li 2 Mo 2 0,<=t2ZnMoO, + Li 2 Si0 3
Na,WO,
CaSi0 3 + Na 2WO,<=tCaWO, +Na 2Si0 3
PbB,O, 12Y sFe 50 1 , + 9PbB,O,<=t36YB0 3 + 5PbFe 12 0 19 + 4Pb0
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compound formation of salute-solvent pairs is very common, but a few
exceptions are listed in Table 3.12.
Compound formation of a special type occurs in reciprocal salt
systems in which equilibria of the type AX + BY +±AY + BX occur. The
interactions in many solute-solvent systems can be formulated as reciprocal reactions, and Supersaturation can be achieved by shifting th e
3.12. Examples of Solute-solvent Pairs which tlo not Form
Compounds and which cannot be Described as Reciprocal

TABLE

Solute

Solvent

No. of phasediagram
(Levin et al., 1964, 1969)

BeO
BeO
ZnO
SiO,

WO,
Li,0.2.25Mo0,
PbO

2294
2425
2326
2401

v,o.

equilibrium in the required direction, for example by a change in temperature. Examples of such reciprocal crystal-growth systems arc given
in Table 3.11.
Aspects of the choice of solvents which have to be found out by experiment arc the etfects of the solvent on the width of the metastable region
(prevention of uncontrolled nucleation) and on stable growth.
Camplex solvent compositions have several advantages with respect to
a low melting point and to lowering the vapour pressure of the most
volatile solvent (or crystal) component. On the other hand, certain additions
may Iead to formation of undesired volatile compounds like SiF .., AIFa,
etc.
I mpurities in th e solutions are generally undesirabl e since they may
become incorporated in the crystal, or promote enhanced solvent ion
incorporation by charge compensation, and frequently impurities cause
deleterious growth. For example, Austerman ( 1965) reported that addition
of 0.03 to 0.1 wt% Si0 2 to the Iithium molybdate solvent caused a severt·
degradation of the perfection of the BeO crystals grown.
However, the addition of certain ions or compounds may sometimes
have very favourable effects on growth or crystal habit and examples are
listed by Wanklyn (1975). The most frequently used additive is BPa
(1-5 % ) which is said to increase the width of the metastable region, to
increase the solubility and to decrease the vapour pressure of the solvent,
although high B20 3 additions are unfavourable due to an increase in the
viscosity. In many cases, complex formation in front of the growing
crystals is expected to be the reason for favourable growth. In the case of
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13 2 0 3 , unstable complexes such as Feß0 3 and YB0 3 wouiJ. bc possible.
Remeika ( 1970) reported a dramatic reduction in the numbcr of crystals
nuclcated on adding 0.5- 1% of V 2 0 5 to PbO- Pb F 2 solutions used for the
growth of ferrites and garnets. Scheel (see Kjems et al., 1973) observed a
drastic increase in the size of inclusion-frce LaAI0 3 crystals grown from
PbO- PbF 2- B2 0 3 solvent when 0.7 wt % V 2 0 5 was addcd to the flux,
probably duc to La V0 ,1 complex formation. Other examples wherc complcx fonnation by additives plays a favourablc role are Al 20a grown from
Bi 2 0:1- Pb F 2 with thc addition of La 2 0 3 ( -1 ,a:\10:1, Chase, 1%7), Bi .,'l'i 3 0 1 ~
grown from Bi 2 0 3 with thc addition of Gc0 2 or MoOa (Epstein, Jl)70) and
ReO grown from Li 2 0 - Mo0 3 with thc addition of LiP0 3 or LiB0 2
(Austcrman, 1964 ).
The addition of monovalent ions is always advantageaus when viscous
fluxes like Na 2B 4 0 7 , BaO x 0.6B 2 0 3 and Pb0- B2 0 3 are used because of
the network-breaking action of alkali and halogen ions. As examples, LiF
\\·as reported by Anikin et al. (1965) and NaF by Baker et al. (1965) tobe
favourablc for the growth of Ti0 2 and T'h0 2 , respectively, from sodium
buratc flux. Similar argumcnts hold for the addition ofT ,i or fl11or ide to

\-cry concentrated solutions.
Thc formation of !arge and high-quality crystals in nature from magmatic (especially from pegmatite) melts could not be understood without
the presence of so-called "mineralizers" (Vogt, 1903/ 1904) like OH - , F -,
CI - , C0 2 and S0 2 • Buerger (1948) has semiquantitatively described the
role of such mineralizers which act by breaking Si- 0 - Si bridges in the
silicate network of the mineral melts and thus increase the fluidity of the
crystallizing magma. Both OH - and F - are most effective in doing this
and, due to their small at01nic weights, small weight fractions correspond
to !arge atomic fraction and are thus very effectivc.
For several examples of the beneficial role of certain additives (AI 2 0 3
to Y 3 AI 5 0 12 , CaO and SiO~ to Y 3 Fe 5 0 12 ) no good explanation has bcen
found. A careful analysis of crystalline perfection by X-ray topography, of
impurities and of microinclusions, of the habit, and of the surface morphology might help to find an explanation for the action of such additives.
3.7. Practical Solvents and their Properties
3.7.1. Solvents for growth of oxides, oxide compounds, silicates

Most of the common solvents likc PbO, halides, borates, molybdatcs,
tungstates and vanadates have been used for mineral synthesis in the last
century (see Chapter 2). In the past twenty years many systems have been
tried as high-temperature solvents, yet the few types of compound

TABLE

Typeof
solvent

Solvent

Melting
point °C

3.13. Properties of Solvents used for Growth of Oxidesand Oxide Compounds

ßoiling
point °C

888 o
1472°
LeadPbO
and
PbF 2
855 °
1293 °
bismuth(824°)
compounds PbCl,
498°
954°
PbO-PbF 2 ~500 ° Eut.
~500 °
PbB 20 4
Pb 2P 2 0 7
824°
720°
Pb,V 2 0 7
820°
1890° dec.
Bi 2 0 3
Bi,o.-n.o. 620-720°
BiF 3
727°
1027°
Borates

~460 °

B,o.
NaB0 2
Na,B,O,
KB0 2
K 2 B4 0

966°
741 °
950°
815 °

7

BaB 40 7
BaB 2 0,
Ba 2 B2 0 6
LiBO,
Li,B,O,
Vanadates, v,o.
molybdates, LiV0 3
tungstates
NaVO,
Mo0 3

1860°
1434°
1575 ° dec.

~

Li,MoO,

705 °

Li 2 Mo,O,

600°

Viscosity
(at °C, in cP)

9.53
8.24

Fig.3.11
Fig.3.11

Hot HN0 3-H 20 Perovskites, garnets, spinels
Hot HN0 3-H 20 Al 2 0 3 , MgO, ZnO, MgAl 20 4

Corrodes Pt above 1300°C
Corrodes Pt above 1300°C

5.8

Fig. 3.11
Fig. 3.11
Fig.3.11

Hot H 20 or acid
Hot HN0 3-H 2 0
Hot HN0 3-H 20
Hot HN0 3-H 20
Hot HN0 3-H 2 0
Hot HN0 3-H 2 0
Hot HN0 3-H 2 0
Hot HN0 3-H 20

Corrodes Pt
Corrodes Pt above 1300°C
Corrodes Pt above 1300°C

~9

5.6
5.8
~6

8.9
5.32
2.46
2.464
2.367

Fig. 3.11
Fig. 3.11

1.74

910°
1105°
915 ° Eut .
845°
930°
690°
616°
630°
795 °

Density
at 20°C

Fig. 3.11
1.4

Solubility of
solvent

Examples of applications

PbZr0 3 , PbTi0 3
Garnets, perovskites, spinels
Al 2 0 3 , Fe 20 3 , BeO, YIG, PbTi0 3
RPO, , Fe 2 0 3 , MgFe,O,
RVO,, Ti0 2 , Fe 2 0,, Ga 2 0 3
Bi,Ti 3 0 12 , Bi 2 Fe,0 9 , Fe,Oa
Fe 20 3 , FeB0 3 , GaFe0 3
Hf0 2 , MnCr2 0 4

Hot H ,O
H 20
H,O, hot H,Oacid
H 20
H,O, hot H,Oacid
Hot HN0 3-H,O
Hot HN0 3-H 2 0
Hot HNO,-H 20
Hot HNO,- H,O
Hot HN0 3-H 2 0

Cr,0 3 , Fe 2 0

LiFeO,, LiFe 6 0 8
CdTi0 3
BeO, Al,0 3 , Fe 2 0

3,

Relatively corrosive for Pt
Relatively corrosive for Pt
Relatively very volatile

T i0 2

RFe0 3 , CdTi0 3
Cr,0 3 , Fe 2 0 3 , TiO,
YlG, YAG, RFe0 3 , BaTi0 3
YlG, Ba 2 Zn,Fe 12 0 22
3

1750° dec.

3.36

Acids, alkali

V0 2 , V 2 0

4.69
2.66

H,O, hot acid
Acid
Hotalkali
Hotalkali

YVO,, (Y, Eu) VO,

1151 ° suhl.

Fig. 3.11
Fig. 3.11

Remarks

3,

RVO,

ZrSiO,, Zn,SiO,, TiO"
BeO, Ti0 2 , ZrSiO,

S lightl y soluble in hot H,O
Slightly soluble in hot H 10

Na 2 Mo0 4
Na 2 Mo 20,
K 2 Mo 20,
Li. wo.
Li 2W 2 0,
Na 2W0 4
Na 2W 20,
K 2W 2 0,

687°
612°
500°
742°
720°
698°
730°
650°

Sulphates, Na 2 SO,
phosphates, Zn 3(P0 4).
hydroxides NaOH
KOH

884°
900°
318°
360°

Vanadates,
molybdates,
tungstates
(cont.)

Halides

BaC1 2
ZnF 2
CdCI 2

842°
610°
988°
801°
856°
772°
782°
873 °
1280°
1354°
962°
872°
568 °

LaF 3
LaC1 3
Na 3 AlF 6

1493 °
860°
1000°

LiF
Li Cl
NaF
Na Cl
KF
KCl
CaC1 2
SrC1 2
BaF 2

3.28
3.71
4.18

1390°
1320°

2.68
4.0
2.13
2.0

1676°
1382°
1695°
1413°
1502°
1407°
1627°
1250°
2137°

2.64
2.1
2.56
2.2
2.5
1.9
2.2
3.05
4.9

1560°
1502°
960°

3.9
4.9
4.05

1862°

5.94
3.84
2.9

Fig. 3.11
Fig. 3.11
Fig. 3.11
Fig. 3.11
Fig. 3.11
Fig. 3.11
Fig. 3.11
Fig. 3.11

Fig. 3.11
450:1.7,600:0.8

H 20
Hotacid
Hotalkali
Hotalkali
Hotalkali
H.o
Hotalkali

Ti0 2 , Be 2 Si0 4 , ZrSi0 4
SrMo0 4 , NiFe 2 0 4
Ti0 2
Ce0 2 , Th0 2 , Ti0 2
LiR (W0 4) 2 , Th0 2
Al 2 0 3 , Si0 2 , Fe 2 0 3
(Ca, Sr, Ba, Cd etc.) WO,

H 20
acid
H.o
H.o

NiO:Li
(Zn, Sb) 3 0•
cx-Ga 2 0 3 (high pressure)
KNb0 3

HF-H 2 0
H.o
H.O,HF-H.O
Fig. 3.11
H.o
H 20 , HF-H 20
800:1.1, 900:0.9 H.o
800:4.25, 850:3 .65 H 2 0
H.o
Hotacid

650:1.6,850:0.7

Fig. 3.11
Fig. 3.11

Fig. 3.11

LiFeP0 4 , LiNiP0 4
ßaTi0 3 , Cd 2 Nb 2 0,
Ti0 2 , cawo •• Baso.
BaTi0 3 , KNb0 3 , Ce0 2
KNb0 3
Ca 5 (P0 4) 3Cl, Ca 2 Nb 2 0,
Sr 2 NiW0 6 , SrSn0 3
MgA1 2 0 4 , BaFe 120 19

BaTi0 3 , Ba WO,, BaTi 3 0,
H.o
Hot H 2 0 or acids
H.o
Hotacid
H.o
Hotacid
(slightly)

Al 20 3
LaOCl
Al 2 0 3 , TiO., WOa

Also soluble in methanol
Soluble in glycerine
Soluble in methanol

Slightly soluble in
methanol
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commonly utilized have remained the same and can be classified as foll ows :
a.
b.
c.
cl.

Lead and bismuth compounck
Borates.
Vanadates, molybdates and tungstates, particularly of the alkali metals.
Alkali halid es, ca rbon ates, etc.

This classification is not exact and rarely used solvents are not included ;
many solvent systems are combinations of two categories, for example,
Pb0-B 20 3 , Pb0-V20 5 , etc. We now consider some examples in detail
since their use illustrates the factors influencing the choice of a solvent.
The important properties of these fluxes are listed in Table 3.13. Th e
Iiterature data of the examples gi ven in T able 3.13 and furth er applications
1200

1000 900

800

700

600

n-T--r-,--r---,---,--,-,--,-----,-- , - - ---r- I

r [•cl
500

.."' .

31 .6

....

25 .1

~

~

0

~

0
Q

1 .4

(:""

"'
~

(:""

20.0
1.2
12 .6
1.0

10 .0
8 .0
PbB 2 0 4

2 .8

6 .3
PbO • PbF 2 (11)

2 .6

2 .4

2 .2

2 .0

"1[''
"' l
>c~

-

0.8

PbCI 2

~

CdCI 2

No 2 C0 3

0.9

4 .0
3. 2

"~~:·/

0 .7

5 .0

~"

2 0
16

NoOH

1.3
1.0
0 .8

1.0

1.1

1.2

1.3

10 3 . r1[K-1 ]
F I G . 3. 11 (a) . Viscosity of h igh-temperature solvents: (a) low viscos ity solvents ..
(b) h igh viscosit y solvents , (c) alkali m o lybdates and tungs tates .

1200

..
"'

1000 900

800

700

-

r [•c ]

1000 950

3.4

..

~·

3.2

"'0

0

~

3.0

1000

!':"

.,.

2

900

850

~

!':"
2.8

750

700
- ~-----

'"

wo. -wo 3 (1

Li 2

~

.,..

';'
10.0

1

Na 2 W0 4 -W0 3 (1 1)

I

I
I

I

2.4

r-

I

200

0~

I

~

I

2.7

I

c'/

1.8
2.6 r

j

1.6

1. 2

/

/

/

6.3

/
L1 2 Mo0 4 - Mo0 3 (1 1)

V

No 2 W0 4

./
./

5.0
Na 2 Ma0 4

//

-

/

4. 0

/

/

r-

... .. b

/

*-~··7

I

100

2.5

~o ... ·

I

2.2

1.4

..:· .··

..,'- .. ··

I

8.0

Li 2 Ma0 4

,._,

/
/

/

i

/

/

Na 2 Mo0 4 -Mo0 3 (1 1) -j 3.2

/

/
/

1.0

10

2.4

'---

0 .8

/

~0.~·

/
/
/

/~~o ·

5

/

2 .5

K 2 Mo0 4 -Ma0 3 (1 · 1)

/

'-t-1.

0.6

-

/

+'"
/

2.3

2 .0

/
/

0.4

/

2
0.2

/

2.2 >-

---;

0.0
0.7

0.8

0.9

1.0

1.1

0.75

0.8

0.85

0.9

0.95

10 3 -r1[K- 1 ]

FI G. 3.11(b)

1 .@

1.05

10 3 ·r·• [ K-• J

F1 c . 3.11(c)

a.

.,..

I

Li 2 W04

2.9

ö"'

~

I

0'

~

2.8

20

1)

1.0

2.6

50

12.6

0

~

500

2.0

800

1.<

600

1,6

100

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

6

5

"'0

u

"'

>

3

Na:3AI F6

20
Composition ( mole%)

FIG. 3.12. Viscosity isotherms for Na 3 AIF./Al 20 3 solutions (Belyaev et al., 1964).

of the common as weil as of unusual solvents may be obtained from the
Tables in Chapters 2 and 10. The viscosities are given in Figs 3.1l(a) and
3.1l(b) for solvents of low and high viscosities, respectively, and in Fig.
3.11( c) for alkali molybdates and tungstates. The viscosities of the solutions
are quite different and generally higher, as is shown with the example
cryolite-Al 20 3 in Fig. 3.12. Cobb and Wallis (1967) determined the
viscosity of a solution of 20 mole% Al 2 0 3 in LaF 3 to vary between 10.6 cp
at 1360°C and 9.3 cp at 1500°C, while Bruton and White (1973) measured
the viscosity of an 8 mole% PbTa 2Ü 6 solution in Pb 2V 2 0 7 solution as about
2 cp at 1200°C. Talksdorf et al. ( 1972) reported that the viscosity of a
solution of 5.91 wt% Fe 20 3 + 0.70 wt% R 20 3 in 91.37 PbO + 2.02B 20 3
(wt%) varies from 83 cp at 900°C to 63 cp at 1100°C.
Lead Oxide PbO
Lead oxide was already used as a solvent in 1877 by Fremy and Feil and
was rediscovered by Remeika (1956) and applied to the growth of crystals
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of ferrites and several other compounds. It is still widely used mainly as a
constituent of a binary or ternary flux composition, and such lead-based
fluxes have been the most widely used of all fluxes. The high solubility of
refractory oxides in lead-containing melts is attributed to the strong
polarizability of the Pb2+ ions, and dissolution is presumably effected by
the formation of complex ionic species between solute and solvent. The
ionic nature of molten PbO is indicated by its high electrical conductivity,
which has a value of about 1.Q cm at its melting point (McKenzie, 1962).
Disadvantages of PbO are its toxicity, its tendency to attack platinum
under reducing conditions or at temperatures above 1300° and, for certain
techniques, its high volatility. Lead-based solvents are not practical for
compounds containing large divalent cations (Ca 2 +, Sr 2 +, Ba 2 +) since solid
solutions will be formed.
Lead Fluoride PbF 2
Lead fluoride has a lower melting point and generally a higher solvent
power than PbO. Some high-quality crystals have been grown from PbF 2
solution by the evaporation technique [for example, Al 20 3 : Cr by Whitc
and Brightwell (1965) and MgAI 20 4 by Wood and White (1968), Robertson
and Taylor (1968), Wang and McFarlane (1968)]. The high vapour pressure
of PbF 2 , useful in the evaporation technique, has severe disadvantages in
crystal growth by slow cooling since it causes uncontrolled Supersaturation
if the crucibles are not completely sealed. Therefore in the latter technique,
cobinations of PbF 2 with oxides to decrease the volatility are often used.

PbO-PbF 2
The solvent system PbO-PbF 2 offers improvements over the individual
components due to its low eutectic temperature (at around 500°C).
Nielsen (1960) found that better-quality crystals of yttrium iron garnet
were formed from this system than from PbO alone, and attributed this
improvement to the lower melting point and viscosity. However, other
factors such as complex formation (for instance of YOF) as discussed in
Section 3.4 might also contribute to the improved growth.
The lower viscosity of mixed PbO-PbF 2 melts compared to the components has been confirmed by Oliver (1965). The viscosity data for PbO,
PbF 2 , PbO-PbF 2-mixtures and for Pb(B0 2h are included in Figs 3.11(a)
and (b ). These data may not be very accurate but they do give some idea
of the viscosities of these popular solvent systems. The viscosities of
solutions of oxides in these solvents will generally be much higher than
those of the solvents, but few viscosity determinations of saturated hightemperature solutions have been published. Such measurements are
necessary for a full understanding of the hydrodynamics in the solutions
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and of the growth mechanism. Evaporation Iosses from this mixed system
are mainly of PbF 2 • This causes a change in the PbO-PbF 2 ratio (and
therefore in the solute-Pbü and solute-PbF 2 ratios) so that frequently
inhomogeneities may occur in the crystals grown. As was shown by
Nielsen et al. (1967) the preferred evaporation of PbF 2 is especially
harmful for the growth of Y3Fe 50 12- Y3Ga 5Ü 12 and relatively homogeneous
solid solutions can be prepared if the PbF 2 evaporation is suppressed by
sealing the crucibles.
PbO-PbF 2-B 2 0 3
As discussed previously (Sections 3.4.3 and 3.6.3) the addition of relatively
small amounts of B20 3 to PbO-PbF 2 generally improves the quality of the
crystals grown and decreases the tendency to uncontrolled nucleation,
probably by increasing the width of the metastable region and by complex
formation in front of the growing crystal. Also B20 3 is thought to decrease
the volatility of the PbF 2 in the solution. The effect of small additions of
B20 3 on the viscosity of PbO-PbF 2 and of solutions (including 15- 30%
solute) is complex (Coe and EI weil, 1974).
This complex solvent system has been used for growth of a !arge variety
of oxides and oxide compounds.
Pb0- B203
Fluxes in this system are clearly worthy of investigation since they combinc
the advantages of borate and of lead-containing solvents. There arc four
compounds of low melting point in this system (Levin et al., 1964, Fig. 281)
of which PbB 4 0 7 has the highest melting point of 768°C. On the B2 0 3-rich
side a !arge liquid immiscibility region exists up to 800°C. Pb0- B20 3
might be used for seeded growth (for example, top-seeded solution growth)
and for the working temperature a compromise has to be found betwecn
the high viscosity at low temperatures (below 1000°) and the high volatility
at high temperatures (above 1200°). Linares (1962a) demonstrated that the
crystallization field of Y3Al 50 12 is extended appreciably with increasing
B20 3 concentration (relative to the stability fields of Al 20 3 and YA10 3).
Schieber (1967) proposed Pb0-B 20 3 as a fluorine-free solvent for rareearth garnets, and for several magnetic rare-earth garnets of the type
R 3Fe 5Ü 12 , the optimum mole ratio of Fe 20 3 : B 20 3 was said tobe 3: 1.
Pb 2 P 20 7 , Pb0-As 2 0 3 , Pb0-V 20 5
Pb 2 P 20 7 was proposed as a solvent by Wiekharn ( 1962) sincc its volatility
is less than that of PbO or PbF 2 • It is particularly useful for the growth of
phosphate crystals but has quite a high solubility for Fe 20 3 and was used
to grow ferrite crystals. Accordingly, Iead arsenates and Iead vanadates are
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useful solvents for growth of rare-earth arsenates and vanadates, respectively. However, other rare-earth compounds cannot be grown from
solvents rich in P ~0 5 , As 2 0 3 or V2 0 5 because of the stability of the corresponding rare-earth compounds. For growth of Ti0 2 the solvent
Pb0-V 2 0 5 was used by Belyaev and Chodakov (1952), and Linares (1967)
used this flux successfully for growth of emeralds. PbO-V 20 5 fluxes are
found to have a very low volatility and have been used to grow a wide range
of crystals. One special advantage of this solvent is that V 5 ,_ prevents
reduction of the PbO to metallic Iead by its reduction to V 4 ,_ or va +
(Wanklyn, 1970).
Bi~0 3 -based

Solvents
l n many respects bismuth compounds show similarity to Iead compounds
with respect to solvent properties although solubilities in the bismuth
compounds are generally lower. One reason that Bi 2 0 3 -based solvents
luve not found so much use as the PbO fluxes is the valence state of BiH:
it cannot be used for the many cases where compounds containing !arge
trivalent cations have to be gruwn, such as the rare-carth cumpounds.
Other disadvantages of Bi 2 0 3 -based fluxes are their relatively high viscosity
and corrosiveness. As proposed by Remeika (1956) PbO should be replaced
when Cr:J +-containing compounds or chromium-doped crystals have tobe
grown by the slow-cooling technique. Of the many Bi-containing compounds, Bi 20 3 fluxes are an obvious choice. The addition of Bi 2 0 3 to
Ba0- B2 0 3 fluxes (see "Ba0- B 20 3 " } can produce a marked decrease in
the liquidus temperature (down to ,_,600° compared to approximately 900°
for the Ba0-B 20 3 eutectics) and compositions araund the eutectic composition 23.4% BaO : 62.4% Bi 20 3 : 14.2% B20 3 have been found to be
preferable to Ba0-B 20 3 solvents for the growth of spinel ferrites (Elwell
et al., 1972). This nonvolatile system can be used with advantage for
seeded growth, for instance, by the top-seeded solution-growth technique.
Alkali Borates
B 2 0 3 is not suitable as a solvent due to its high viscosity (see Fig. 3.11b).
The viscosity is greatly lowered when the glassy network is broken up by
the addition of monovalent meta! ions such as alkali ions, and the alkahne
earth ions decrease the viscosity of B 2 0 3 to a lesser degree. The alkali
borates and especially molten borax, Na 2 B4 0 7 , have been weil known as
fluxes for over a century and have found applications in various fields.
An investigation of the solvent behaviour of the alkali borates was
undertaken by Berkes and White (1969a). Aceurate liquidus curves were
determined and the departures from ideality were attributed to dustering
of the boron and oxygen atoms. This model led to the conclusion that, in
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Na 2 B4 0 7 , for example, 8.5B 2 0 3 units formed the average-sized duster at
820°C, decreasing to 2B 2 0 3 units at 1120°C. A similar tendency was
exhibited by the K 2 B 4 0 7 and Rb 2B 4 0 7 solvents. The B 2 0 3 clusters
exclude the Ni 2 + ions which are weakly bonded in !arge interstitial sites
in the boron-oxygen network. The weak interaction of Ni 2 + was confirmed
by optical spectroscopy of the borate liquids after quenching to glasses.
The crystal-field splitting of the Ni 2 + ions was found to be small, and to
decrease as the atomic weight of the alkali increases.
Salutions in Na 2 B 4 0 7 , K 2 B4 0 7 and Rb 2B 4 0 7 of NiO show a positive
departure from ideality and therefore a tendency to immiscibility. In the
system Li 2B 4 0 7-Ni0 a negative departure from ideality was observed,
that is, the solubility of NiO was remarkably greater than that of an ideal
solution and therefore indicates compound (complex) formation.
Although NiO has not been grown as good-quality crystals from alkali
borates, similar materials such as Fe 2 0 3 have been grown by Barks and
Roy (1967). Berkes and White conclude that a good high-temperature
solvent is one in which the solute does not form a tightly bound complex
with the solvent but is excluded by clusters or complexes formed by the
solvent atoms. However, we feel that this is not a generally valid rule, on
the contrary it was proposed in Sections 3.4.3 and 3.6.3 that complex
formation in the solutions and in front of the growing crystals generally
has a beneficial effect. The conclusion of Berkes and White holds for the
case where the solvent or the solution has a high viscosity.
Sodium tetraborate has been used as a solvent for the growth of a wide
variety of crystals and it is a useful solvent for the rapid growth of small
crystals. However, !arger high-quality crystals have not been grown from
this flux which is very viscous and volatile.
Potassium borate KB0 2 with a melting point of 950°C was used by
Marezio et al. (1970) for growth of small crystals of RFe0 3 and by
Sholokhovich et al. (1970) for CdTi0 3, CdTi0 3-SrTi0 3 solid solutions
and for PbTi0 3, but probably KB0 2 is not the best solvent for growth of
!arge crystals due to its high viscosity.
Ba0-B 2 03
The use of barium borate fluxes was advocated by Linares (1962a) \Vho
used this system to grow several iron-containing oxides as well as Ce0 2 ,
Ti0 2 , ZoO and a variety of other oxides. The advantages of Ba0-B 20 3
fluxes are a very low volatility, low rate of attack on platinum crucibles and
low density compared with the Iead fluxes. The latter property means that
crystals tend to grow at the base of the crucible rather than the surface (in
an appropriate temperature gradient), where excessive nucleation may
result from foreign hoclies or evaporation.
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The viscosity of these fluxes is high and spontaneaus nucleation often
yields a !arge number of tiny crystals. Barium borates are of particular
value for seeded-growth methods in which the crystal grows just below
the surface of a solutioninan open crucible. The typical composition range
used is from BaO x 0.5B 2 0 3 to BaO x 0.6B 2 0 3 .
The low volatility permits the use of these fluxes at temperatures higher
than those normally used, and a considerable reduction in viscosity might
be achieved by growth at 1400°-1500°C provided that this is not compensated by the increase in solute concentration. Lowering of the viscosity
may also be achieved by addition of Bi 2 0 3 as discussed earlier, or of BaF 2
(Burmeister, 1972), and the ternary BaO-BaF 2-B 2 0 3 has been proposed
as a solvent for rare-earth garnets and orthoferrites by Hiskes et al. (1972)
and its properties are discussed by EI weilet al. (1974) and Hiskes ( 1975).
Vanadates, Molybdates, Tungstates
The oxides V2 0 5 , Mo0 3 and W0 3 have all been used as fluxes but are very
volatile. Therefore the alkali vanadates, molybdates and tungstates are
gcncrally prcfcrrcd and a widc ,·aricty of crystals has bccn prcparcd from

them. In particular, many silicates and germanates are preferably grown
from these solvents. A weil known example is emerald which was grown
from Iithium molybdate and Iithium vanadate as early as 1888, and in the
recent commercial production by various companies of emerald (for gern
purposes) this group of solvents has been used with success. The high
valence state of vanadium, molybdenum and tungsten prevents significant
incorporation into most compounds, although the easy reducibility of these
three ions might cause problems in certain cases. For growth of vanadates,
molybdates and tungstates the corresponding solvents are obviously weil
suited as solvents containing the same anions and as can be seen from the
Tables of Chapter 2 and Chapter 10. Many properties of the alkali
molybdates and tungstates have recently been published by Gossink (1971 ),
and the viscosity data from this work are given in Fig. 3.11( c).
A systematic study of the alkali vanadates, molybdates and tungstates
for the growth of BeO was carried out by Newkirk and Smi~h (1965). The
solubility is highest for the Iithium compounds, and the svlubility in the
Li 20-Mo0 3 system increases regularly with the Mo0 3 concentration.
Dissolution was considered to be due to the formation of (BeO)x(Mo0 3 )y
complexes. This complexity is indicated, for example, by the observation
of crystal growth at 1400°C, which is above the melting point of pure
Mo0 3 . For a given alkali meta!, the solubility increases in the order
V --;-Mo -;..W. However, the usefulness of the alkali-vanadate fluxes for
growth of BeO is obviated by a very strong tendency to creep.
Kunnmann et al. (1965) described the solvent action of the sodium-
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tungstate ßuxes in terms of Lewis acid-base theory. The Lewis acid W0 3
(an electron pair acceptor) dissolves the basic oxides which form the
crystal, and crystallization could be promoted by the addition of the Lewis
base Na 2W0 4 (electron donor). The dissolution and growth of a meta!
oxide MO in sodium pyrotungstate can be represented by the equation
hcat.ing

xMO +yNa 2 W 2 0 7~x(MO x nW0 3 ) +(y- nx)Na 2W 2 0 7 + nxNa 2W0 ,1•
eool ing

The MO x nW0 3 complex must be stable only in the liquid phase so that
the oxide is crystallized on cooling. The principles proposed have been
verified by the application of these ßuxes to grow a range of vanadium
spinels such as Co 1 +aV 2 _a0 2 by an electrolytic method (Rogers et al., 1966).
The system K 2 0-V 2 0 5 has been studied by Holtzberg et al. (1956)
and according to Shannon (private communication) the low-melting KVOa
(mp 520°C) is a suitable flux not only for many vanadates but also for other
compounds.
Misce/Laneous Solvents for Growth of Oxides
Of the alkali halides only the fluorides dissolve an appreciablc amount of
oxides whereas, for instance, Na CI dissolves generally less than 1%, oxide
at 1000°C, at which temperature it already has a relatively high vapour
pressure. Occasionally, small crystals of oxide compounds havc been
prepared from NaCI.
The most popular alkali halides are KF and Na 3 AlF 6 . The lattcr,
cryolite, has been used for a long time as a flux , and because of its technoJogical importance its properties as a solvent have been studied in some
detail. The solubilities of oxides at 1000°C in cryolite after Belyaev et al.
(1964) arc given in Table 3.14 and show interesting regulariti es. The
solubility of the alkaline earth oxides increases from BeO to BaO according
to the increasing degree of ionicity, and the low solubility of the transition
meta) oxides may be attributed to their partial covalent character. B2 0,1
and vV0 3 are exceptions probably due to some form of complex formation.
In Table 3.14 the solubilities of the oxides in a cryolite melt containing
5% Al 20 3 are also given because they indicate the decrease in the oxide
solubilities. Potassium fluoride K F, known as solvent already in the last
century, was reintroduced by Remeika (1954) for the growth of the first
)arge BaTi0 3 "butterfly" crystals and since then it has often been used
(occasionally in combination with other halides) for the growth of titanate
perovskites, and also for several other compounds. K F is volatilc at high
temperatures and has a very low viscosity. Generally, small crystals are
obtained from KF -based fluxes due to uncontrolled spontaneaus nucleation.
LaF 3 has been investigated systematically by Cobb and Wallis (1967)
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3.14. Solubilities of Oxides in Molten Cryolite and Cryolite
Containing 5% Al,0 3 at 1000°C (mole % )

Oxide

Solubility in
Na 3 AIF.

Solubility in
Na 3 AIF. + 5% Al,0 3
-

13 ,0,
WO,
BaO
AI,O,
CaO
MgO
BeO
SiO,
TiO,
!VIn 3 0,
CuO
CdO

v,o.
ZnO
Niü

Co 30,
Fe,0 3
Cr,O,
SnO,

CfJ

87.72
35.75
19.77
13 .12
11.65
8.95
8.82
4.87
2.19
1.13
0.98
0.05
0.51
0.32
0.24
0.18
0.13
0.08

- -~

----

~-

- --- --

Cf)

86.14
22.34
8.46
7.02
6.43
4.15
1.22
0.68
0.26
0.21
0.004
0.11:10
0.140
0.003
0.050
0.010

as a potential solvent for the preparation of homogeneaus ruby-laser
crystals, but it seems that LaF 3 has not found a wider application since it
needs a protective atmosphere.
The alkali carbonates have been successfully used for the growth of the
corresponding niobates, tantalates and solid solutions of potassium
tantalate-niobatc (KTN), sometimes by the top-seeded solution-growth
technique. With this technique (for which solvents of low volatility are a
necessity) )arge SrTi0 3 and BaTi0 3 crystals were grown from excess Ti0 2 ,
and excess Ge0 2 was used as solvent for seeded growth of complex
germanates (Belruss et al., 1971 ).
Only the most popular and useful fluxes for the growth of oxides have
been mentioned. Other solvents might be found in the Table (Chapter 10),
from Laurent (1969), Wanklyn (1975) or, of course, by reasoning according
to the criteria for the chaice of solvents described in Section 3.6. Other
solvents might be chosen with the help of phase diagrams, of which for the
oxide field the most complete compilation isthat of Levin et al. (1964, 1969)
and for the field of metals and semiconductors those of Hansen and Anderko
( 1958), Elliott ( 1965) and Shunk (1969).
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3.7.2. Solvents for growth of metals, alloys, semiconductors

Molten salts are not only common solvents for ionic compounds like many
oxides but can also act as solvents for metals. In particular, the solubility
behaviour of meta! halides has been investigated, especially for their parent
metals.
When there is no appreciable chemical interaction between the salt and
the meta!, the solution becomes partially metallic, and particularly the
solutions of the alkali, the alkaline-earth and the rare-earth metals in their
respective halides are prone to this behaviour. Salutions with strong
metal-salt interactions show relatively small changes in conductivity upon
addition of meta! to the molten salts, and this type of behaviour is frequently
found in the systems of the transition and post-transition metals.
In industrial electrolysis another type of meta! solutions is of importance,
namely, solutions of metals in salts of another meta!. According to the
electrochemical series of metals in molten salts (see Delimarskii and
Markov, 1961) the one meta! displaces the other according to the example

The equilibrium constant for this reaction may be obtained from the
solubility behaviour of th€ metals in unlike salts. In the above example
cadmium will displace Iead below 650°C and Iead will displace cadmium
above 650°C due to a change in the equilibrium constant with temperature.
The principles of solutions of metals in molten salts have been reviewed
by Fischer (1954), Delimarskii and Markov (1961) and by Bredig
(1963).
Metallic solutions as the medium for crystal growth of elements and a
variety of compounds have been reviewed by Luzhnaya (1968). Metallic
solvents can be used for the growth of many metals and alloys which do
not form stable compounds or solid solutions and show miscibility in the
liquid state. Liquid immiscibility in metallic systems has been discussed in
Section 3.2.
Comparitively few metals and intermetallic compounds have been
systematically grown from metallic solutions, notable exceptions being the
growth of silicon from gallium and indium solutions by Keck (1953) and
by Keck and Broder (1953), from tin solutions by Goss (1953), from silver
and zinc solutions by Hartenberg (1951) and from gold by Carman et al.
(1954). Germanium and silicon crystals have been grown from Al, Ga, Sn,
Cd, Sb, Ag and Zn solutions by Faust and John (1964) and the superconductor Nb 3 Sn has been crystallized by Hanak and J ohnson ( 1969) from
tin solution. However, many more binary metallic systems are simple
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eutectics (Reisman, 1970, p. 158) and are thus suitable for crystal growth
of either component.
Intermetallic compounds can often be prepared from one of the components in the appropriate temperature range. For example, the III-V
semiconductors GaP, GaAs, GaSb have been grown from gallium solutions
in many laboratories either as bulk crystals or as thin layers, and intermetallic compounds such as V 2 Ga 5 , VGa 5 , MnGa 5•2 , NbGa 3 , Ta 5 Ga 3 ,
CrGa 4 , FeGa 3 have been prepared as small crystals by R. Reinmann
(unpublished). It is obvious from the phase diagrams (of which many are
still unknown) that AuGa 2 , PrGa 2 , MgGa 2 , UGa 3 and several other compounds could also be crystallized from gallium solutions. Several metals
and many of their intermetallic compounds can be grown from lowmelting metals such as gallium, aluminium, bismuth, silver and gold.
From bismuth solutions the following compounds have been crystallized
by Teitel et al. (1954) and by Barton and Greenwood (1958): BaBi 3 , CaBi 3 ,
CeBi 2 , Mg 3 Bi 2 , BiSe, SrBi 3 , Bi 2Te 3 , Th 3 Bi 5 , UBi 2 and ZrBi 2 , and !arge
crystals of MnBi have been obtained by Ellis et al. (1958).
Solvents for II I-V and II-V I Semiconductors and for Chalcogenides generally
For the growth of III-V compounds the most popular solvents are the
corresponding metals (e.g. gallium, indium), especially for layer growth
and device fabrication by liquid phase epitaxy. However, other metals like
zinc, tin, Iead, mercury and cadmium have been used by several authors
for III-V and the isoelectronic II-IV-V 2 compounds as reviewed by
Luzhnaya (1968), by Faust and John (1964) and by Spring-Thorpe and
Pamplin (1968). Faustet al. (1968) discussed the effect of solvents (Ag, Al,
Au, Cd, Ga, In, Pb, Sn, Zn) and of added impurities on the habit of the
semiconductor crystals grown (Si, Ge, III-V compounds). II-VI compounds (the sulphides, selenides, tellurides) are rarely grown from the
constituent elements; they are generally grown either from metallic
solutions (gallium, indium, bismuth, thallium, tin), from halides or from
chalcogenides as solvents. For example, ZnS has been grown from ZnF 2
and ZnCI 2 , and CdCI 2 acts as solvent for CdS, CdSe and CdTe. A high
solubility (at moderate temperatures) for several sulphides is shown by
Iead chloride (Linares, 1968; Wilke et al., 1967), thus PbCI 2 could play the
same important role in flux growth of sulphides as does PbF 2 for growth of
oxides. Kautaissoff (1964) has prepared europium sulphide EuS crystals
using LiCI-KCl eutectic as solvent for the reaction

EuC1 2 + Li 2 S -'>-EuS + 2LiCI.
Many chalcogenides and pnictides have been prepared as crystalline
products with the addition of the corresponding halides (K weestroo, 1972).
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Although several chalcogenides have been used for the growth of II-VI
compounds, for example Ba 2 ZnS 3 for the growth of ZnS by Malur (1966),
they have not found wide application except for alkali polysulphides (for
example, Na 2S 2-Na 2 S 5)which have been used by Garnerand White(1970)
for the growth of cinnabar (HgS) and by Scheel (1974a) for the growth of
many sulphides: ZnS, CdS, CuS, a:-MnS, FeS 2 , NiS 2 , CoS 2 , PbS,
Cu 3VS 4 , KFeS 2 , NalnS 2 , NaCrS 2 , etc. Sodium polysulphides have low
melting temperatures and eutectics (200° to 450°C), a common anion, arc
easily dissolved in water or alcohols, and alkali ions are incorporated into
the crystals only as ppm traces (Scheel, 1974a). Information on the sodium
polysulphide melts was obtained by Cleaver and Davies ( 1973), South
et al. (1972) and Bell and Flengas (1966); and Garbee and Flengas (1972)
studied the structural and electrical properties of PbS- PbCI 2 ancl of
Cu 2 S- CuCI and FeS-FeCI 2 solutions, respectively.
Solvents for Bon~des, Carbides, Pnictides
Owing to the extremely high melting points of many of the boricles,
carbides, etc., crystal growth by direct techniques (Czochralski, Bridgman,
sublimation) at those high temperatures is extremely clifficult due to
container problems and precise growth control. In the crucible-frcc
clectron-beam zone melting, arc-i111aging ancl plas111a fla111e-fusion
tcchniques, thc stoichio111etry as weil as crystal quality (strain, grain
boundaries, clislocation densities) present still unsol ved proble111s.
For crystal growth of these classes of compounds often with vcry high
111elting points (e.g. TiB 2 2800°C, TaC 0 . 98 3983 °C) those transition metals
which form co111pounds of relatively "low" melting point with the
corresponding non-meta! (B, C, etc.) may act as solvents.
Rowcliffe and Warren (1970) were able to grow 2 111111 crystals of TaC 11 . 96
by the technique of Rohins (1959) using solutions of Ta and C in iron
which were slowly cooled fro111 2200°C to 1450°C, and Gerk and Gil111an
(1968) grew WC crystals of 1 cm dia111eter from cobalt solutions by thc
top-seeded solution-growth technique (see Chapter 7). Silicon carbide,
one of the 111ost intensively studied crystals with potential applications in
many fields, has been prepared fro111 several meta! solutions which are
listed in Table 3.15. The solubility of carbon in silicon at 1600°C is only
0.03 at %, but it can be enhanced by the addition of several transition
ele111ents. Of the transition metals, cobalt, nicke! and chromium have been
applied as thin molten layers for epitaxial vapour-liquid-solid (VLS)
growth. The VLS growth mechanism often acts in the growth of whiskers
(see Chapter 7), and a variety of droplets on the top of whiskers of many
compounds have been analysed . These droplets act as a solvent for thinlayer transport growth and even for growth of bulk crystals of the whisker
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3.1 .'i. Solvents used for Growth of Silicon Carbide (m.p.
1\h·lting pnint
of meta I

Silicon

Hlll C

Silicon "
Chrnmillm

1900

Silicon -

H92 n

-i-

Silicon
1\:ickel

Silicon +
Sih·er
Silicon -.
Gold

c

1\•lt·lting points
of compounds

li I
~.

2700 "C)

Rcferenccs of SiC growth

Hall (1958), Halden ( 1960),
Reckmann ( 1963),
Ne lson et al. ( 1966),
BartJett (1969)
Cr)-ii~1750 ° ,Cr,Si1600,

CrSi 1640 ' , CrSi, 1540°,
Cr:.C, IX90 -. Cr,C" 17Xfl,
Cr,C l'i2W

Griffiths and Mlavsky ( 1964),
Wright (1965),
Knippenberg and Vnspui
(1966),
Silva et al. ( 1967),
Corner and Berman ( 19i0),
Kalnin and Tairov (I%(>),
Kunagawa et al. ( 1'!70)

Co,Si 1330' , Co Si 1+00 ,
CoSi" I~()(, '·

Conwr and Benmm (I CJ70)

1536 '

FeSi 1420 ',
Fe:.C 1227"

Halden (1960),
Ellis (1960)

HSS

:'\i,Si lllX, :'\iSi992,
N i:.C

Baumann (1952),
Ellis (1960),
Herman and Corner ( !969),
Comer and Berman ( 1970)

961

no compound formation

Piekar (1967)

no compound formation

Tierman and Comer ( 1969)

Coh:dt

Silicon
I ron
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Marshall (1969),

material. A variety of carbidcs and carbide solid solutions have been
prepared from metallic solvents by Jangg et al. ( 1968), and this technique
has found industrial applications.
As for the carbides, transition meta! elements or compounds have been
used for the preparation and growth of borides and the pnictides. For
example, B6 P has been formed from Ni solution (Burmeister and Greene,
1967), AlB~ from Al solution (Horn et al., 1952) and BP and BAs have been
grown from Cu 3 P solution by various groups (see Chapter 10). Silicon
diphosphide has been crystallized from Sn and Sn- Mg solutions (SpringThorpe, 1969). A variety of borides, carbides, silicides, germanides,

II2

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

phosphides, arsenides, etc., have been prepared by electrolytic reduction
of the corresponding salts dissolved in a molten salt stable at the preparation
conditions (see for instance Aronsson et al., 1965; Delimarskii and Markov,
1961; WoldandBellarance, 1972; Kunnmann, 1971).
Tin was found to be a powerful solvent for the growth of II-IV-V 2
compounds as reported by Ruhenstein and Ure (1968) for ZnSnP 2, and
by Faust and John (1964) for ZnSnAs 2 and as reviewed by Spring-Thorpe
and Pamplin (1968) for several II-IV-V 2 compounds. The latter authors
claim that indium, Iead, bismuth, cadmium and zinc could also be used for
the growth of ternary phosphides and arsenides.
3.7.3. Solvents for miscellaneous elements and compounds

A peculiar effect of the role of solvent in the crystallization of diamond and
graphitewas described by Wentorf (1966). In the stability field of diamond
(60 kb, 1600°C) carbon crystallizes in its high-pressure modification from
solutions in the transition metals of groups VI, VII and VIII (best from
Ni, Fe and Fe-Ni alloys, see Chapter 7) and as graphite from oxides,
sulphides, halides and silicates such as Cu 2 0, CuCI, Cu 2 S, AgCI, AICI 3 ,
ZnO, ZnS, CdO, FeS and silicates containing hydroxyl such as serpentinite, biotite, muscovite and hydrous alkaline alumino-silicates (Wentorf,
1966). This fact was explained by the formation of positively charged
carbon ions in solvents of the first group (Fe, Ni), whereas the second group
shows a smaller solubility for carbon and dissolves it probably as a nearly
neutral species. In Li 2 C 2 and Ca 2 C 2 the carbon is negatively charged.
Wentorf attributes the effect of the charge of the dissolved carbon species
(having different partial atomic volumes) on the crystallization of either
diamond or graphite to the rates of nucleation of the two forms which is
mainly determination by the change (with pressure) of the free-energy
content of the crystalline phase relative to its state in solution, which
depends on the differences in partial atomic volumes. When crystallizing
graphite or diamond from iron solutions the addition of a small amount
of silicon or aluminium is helpful in suppressing the formation of the iron
carbide Fe3 C (Strong and Chrenko, 1971; Sumiyoshi et al., 1968). The
solubility behaviour of carbon in nicke! at high pressure has been discussed
in detail by Strong and Hanneman (1967). In the diamond synthesis by the
Swedish group, iron carbide was used as solvent (Liander and Lundblad,
1960). It is still not certain under which conditions crystallization of the
!arge high-quality diamonds has occurred in nature. Borazon BN, the
III-V analogue of diamond, has been prepared by Wentorf (1957, 1965)
and by DeVries and Fleischer (1972) from Li 3 BN 2(Mg 3 N 2 , Ca 3 N 2)
solutions at pressures of 40 to 60 kb and temperatures of about 1600 and
1900°C. Wentorf (1957) states that with increasing atomic number of the
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meta! component of the solvent the process of crystallization of cubic
boron nitride requires higher pressures, and DeVries and Fleischer assume
that the structure of the Li 3 BN 2-BN solutions consists of B--N chains
cross-linked by Iithium ions.
3.8. Determination of Solubility Curves and Phase Diagrams
A !arge number of high -temperature solution growth experiments have
been performed with little or no knowledge of the appropriate phase
diagram. The normal procedure for the growth of a new material is to
select a suitable solvent on the basis of past experience, taking into account
any special requirements of the material. A number of trial experiments
using small quantities of chemieals and fairly rapid cooling rates are then
carried out, with solute concentrations normally in the range 10-25% . If
one or more compositions are found to yield crystals of the required phase,
the experiment is repeated with such compositions on a !arger scale and
with much slower cooling rates in order to obtain crystals of the desired size.
However, if the conditions of any crystal-growth experiment are to be
optirnizcd and crystals of high quality grown, somc knowlcdgc of thc

phase diagram is necessary. It will be clear from the previous discussion
that many high-temperature solutions contain five or more components,
and the determination of a complete phase diagram in such cases is totally
impractical. As stressed by Roy and White (1968) the solution is treated
as a pseudo-binary system with the phase to be crystallized as one component (solute) and the solvent as the other. Theinformation required for
crystal growth is the solubility curve of the phase to be crystallized and the
stability field of this phase-the range of composition and temperature
over which it is stable.
A purely theoretical approach for determination of phase diagrams is
possible only for cases where the solutions fulfill the conditions of a simple
model and where the appropriate thermodynamic data of the components
are known. Generally, the experimental determination of the phase
diagrams is necessary and in the following the various approaches to
determine the solubility curves are briefly presented. However, the role of
phase diagrams on solid solubility and in the type of dopant incorporation
as reviewed by Reisman (1970) and by Panish (1970a) will not be discussed
here; the liquidus curves will be the only aspect covered.
Knowledge of the phase diagrams is not only helpful or necessary for
planning crystal-growth experiments, it is also indicative of the type of
solution, and of the solute-solvent interactions as outlined in Sections
3.2-3.4 and as discussed in detail by Reisman (1970). A review of thermoanalytical investigations of crystal-growth problems has recently been
presented by Schultze (1972).
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3.8.1. Direct techniques

Phase-diagram investigations should be performed under equilibrium
conditions and it is important to allow sufficient time for equilibration
prior to measurement. This time depends on the mobility of the components (thus on diffusion constants, viscosity and convection) and can be
shortened by continuous mixing and by stirring.
The simplest method for determination of a solubility curvc is to introJuce excess crystals or even a polycrystalline mass of the solute into thc
solvent at a controlled temperature. After dissolution has procecded for
several hours, the undissolved material is separated from the saturated
solution and weighed, and the loss in weight due to dissolution represents
the solubility at that temperature. Solubility values are normally quoted
as a function of the whole solution, either in mole (atomic) % or in weight

%.
Some investigators have recovered the undissolved material by removal
of the solution after equilibration by dissolution in some reagent after
cooling to room temperature. This mcthod is clearly \"Cf)' timc-consuming
and the construction of a solubility curve can occupy several weeks.
Separation of the saturated solution from excess solute may be clone by
careful decanting or by using sieve arrangements, and Hall (1963) has
removed excess floating compounds from the saturated melts by a quartz
glass loop in his determination of solubilities of II 1- V compounds in
gallium and indium.
An alternative but related approach is to remove a sample of the solution
after equilibration and to determine the solubility by chemical analysis of
this solution. lf the quantity of solution removed is small compared with
the total mass of solution, a solubility curvc may be constructed fairly
quickly by taking samples over a range of equilibrium temperatures. In
this ,,·ay Ray (1969) determined the solubilities of NiO, CoO, FcO and
Cu 2 0 in neutral silicate melts.
Seed crystals may be introduced into the approximately saturated
solution. lf the seed is put into an unsaturated solution it ,,·ill dissoh·e and
if put into a supersaturated one it will gro,,· (Timofee\·a and K Yapil, 1lJ66;
Manzel, 1967). I nstead of facetted sced crystals the use of spheres has the
advantage that growth (supersaturation) can be more easily detected by
the formation of facets (Timofeeva and Konkova, 1968). By this techniquc
the solubility curves can be determined as accurately as ::_ 10°C if care is
taken of the experimental paramcters (homogeneous solution, dipping
time, no intcrfering heat transfer, etc.) and if the volatility of any components of the solution is negligible.
Wagner and Lorenz (1966) simply used the disappearance and the
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formation of solid ZnSe and ZnTe on the surface of highly reflecting
gallium and indium melts for solubility determination, and by temperature
cycling, the liquidus temperatures could be measured very precisely.
However, due to thermal gradients in the furnace with a full length Yiewport, the accuracy is estimated tobe only _: 10°C.

Queuehing methods. The main disadvantage of the abm·c dissolutionextraction methods is that they give no direct information on changes in
the phase which is crystallized, and are therefore unsuitablc for investigations of novel systems or for stability field determinations.
The most popular method of performing more detailed investigations
involn·s quenching the solutions to room temperature followed by
cxamination of the quenched sample or a polishcd section of it by optical
microscopy. This method relies on the ability to detect undissolved
particles, but optical microscopy is an extremely sensitive means of detection, a nd a sccond phase can normally hc distinguishcd at conccntrations
as lo\\ as o.os·~~ ..
The solubility of a material at a knmn1 tcmpcrature is dctcrmined by
qucnching samples containing a range of different solvent-solute ratios
following cquilibration at that temperaturc. 1f the solubility is below the
solubility Iimit, no undissolved material will be prescnt on qucnching and
thc accuracy of cletermination of any point on a solubility curve may be
increasccl by the use of samples having progressively smaller clifferences in
solute concentration. Solidus temperatures may be determined by a similar
methocl. Since several samples are required for the determination of a
single point ot the liquidus curve, it is desirable to quench several samples
at the same time. These samples may either be of different compositions
quenched from the same temperature, or of the same composition equilibratecl at different temperatures in a furnace of which the temperaturc
gradient is accurately known. A multiple-sample apparatus has been
describecl by Cobb and Wallis (1969).
3 .8.2. Hot-stage m icroscopy
The methods describecl above, though simple, are all ve ry laborious ancl
lengthy. Alternative methods normally invol ve the application of a
varying temperature and so do not yield equilibrium values. However,
since crystallization does not occur under equilibrium conditions, the
values obtained are normally sufficiently accurate for the determination of
conclitions for crystal growth, and any inaccuracy is more than compensated
by the great saving in time and possibly materials and the additional information which may be obtained.
Thc ideal methocl, in principle, is the vis ual polythermal hot-stage
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microscopic method in which the heated sample is located near the
objective of a microscope by means of which it may be observed continuously. The amount of heat supplied to the sample must necessarily bc
small to prevent darnage to the objective and it is normally found preferable to locate the sample at the junction of a thermocouple which is
used for temperature determination. The region of the thermocouple in the
immediate vicinity of the junction is made of much .finer wire than the rest
of the thermocouple so that heating is localized to this region . Heating may
be performed by passing an alternating current through the thermocouple
wire, with temperature sensing through the same thermocouple.
After a period of dissolution the sample is slowly cooled, and the formation of small crystals observed through the microscope when the solution
becomes supersaturated. By temperature cycling the precision might be
increased. In practice the observation of crystallization may be extremely
difficult particularly if the melt is opaque or if crystallization occurs below
the surface of the melt or if the crystals possess optical properties not
substantially different from the solution. The main source of inaccuracy is,
however, preferential volatilization of on e component of th e solution which
can cause rapid changes in composition . Even with "non-volatile" fluxes
such as BaO x 0.6B 2 0 3 , thc increase in solute concentration with time due to
evaporation is very marked, due to the high area-to-volume ratio cf the
sample.
The solubility of sodium niobate in a borax flux was determined by this
method by Burnett et al. ( 1968) but the liquidus temperatures quoted
could be in error by 100°C due to solvent evaporation. Hot-stage microscopy is, however, valuable for rapid determination of the phase diagram
of novel solvent systems (EI weilet al., 1972).
3.8.3. Differential thermal analysis
In differential thermal analysis (DTA) two samples of similar thermal
capacity are located in a furnace heated or cooled at a uniform rate.
Thermocouples are inserted into the two samples and are connected in
opposition so that the temperature difference LI T between the samples is
measured. If neith er sample undergoes a phase change in the temperature
range investigated, the value of LI T will ideally be zero throughout the
whole range. However, if one sample is inert while the other undergoes a
phase change, the evolution or absorption of latent heat will result in a
temperature difference between the samples. If LI T is recorded for an
unknown sample, any thermal effect such as crystallization or dissolution
may be detected.
Several problems are encountered in the application of DT A to crystallization from high-temperature solutions, and these have been discussed
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by EI weil et al. ( 1969). Apart from the corrosive nature of the fluxes, the
main problern is that crystallization occurs rather slowly and the solute
concentration does not normally exceed 25 % , so the values of LI T are
rather low. Also, at temperatures above about 1000°C, electrical conduction in the ceramic specimen holders may become appreciable and this
can provide the main contribution to electrical noise on the LI T signal as
the temperature is increased. In the apparatus of EI weil et al. (1971) the

Bross sleeve fixed
with Aroldite to
mullite tube

Twin-bore
thermocouple sheoth

Pyrophyllite eocl~u~

- - -

Pyrophyllite
cruci ble supp<)rts
Pyrophyllite ----r-n:
heot boffles

I
l

Pt-Pt/13% Rh
thermocouple
junction
Reference CAI:0 3 )
Crucible (somple)

Mullite tube

F1c. 3.13. DTA apparatus for fluxed melts (Elwell et al., 1971).
E
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noise due to conduction in ceramic components is reduced by mounting
each crucible containing a sample or reference material (normally oc-Al 20 3
powder) on an independent support. The thermocouples are also mounted
independently of each other and the junctions are immersed just below the
surface of the solutions. In order to protect the thermocouple junctions
from flux attack, they are enclosed in a sheath of very fine platinum foil.
This platinum sheath is electrically earthed and so acts as a screen against
stray electric fields. The signal-to-noise ratio with this apparatus is higher
by an order of magnitude than that obtained from the more usual arrangement in which the thermocouple is inserted in a weil in the base of the
crucible. Figure 3.13 shows the layout of the apparatus in diagrammatic
form. A typical record of LI T versus T for a crystallizing solution is
shown in Fig. 3.14. The signal due to crystallization persists throughout
the crystallization range and a very large signal normally appears on
solidification. In any apparatus the signal will be accompanied by a gradual

1100

1200

Te rnperoture

1300

("C)

F1c. 3.14. DTA thermogram for 18 wt % NiFe 1 0• crystallizing from a Ba0Bi203-B203 ftux (Elwell et al., 1971).
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drift of thc base line due to mismatch between the thermal capacities of the
sample and the reference material, and particularly to changes in the
thermal properties of the sample due to the formation of a layer of solute
araund the thermocouple sheath during cooling.
Since crystallization proceeds as the temperature is lowered rather
rapidly, some supercooling inevitably occurs and so the liquidus temperatures indicated on cooling will be low. The magnitude of the error
may be estimated by comparison of the curves obtained during heating
and cooling; in the crystallization of nicke! ferrite from barium borate,
this was normally 10-20°C at a cooling rate of 2-3 °C/minute. Karan and
Skinner ( 1953), in their DT A investigation of the phasediagram BaTi0 3 KF, found a difference of 65 ± 5°C for the heating and cooling curves,
respectively, with a cooling rate of 3-4°C/minute.
One advantage of DT A is that the crystals which form during cooling
are normally !arge enough for identification by X-ray crystallographic or
other means. It is, in principle, a good technique for volatile samples,
which may be contained in sealed crucibles to which the thermocouple
junctions are welded.
3.8.4. Thermogravimetry and other methods

Thermogravimetry involves a determination of the changes in weight in a
sample during heating or cooling. Application of this method to crystalgrowth studies from aqueous solutions was reported by Bennema (1966),
and apparatus for the application of thermogravimetry to high-temperature
solutions was described by Smith and Elwell (1967) and by Nielsen (1969).
In the determination of crystallization temperatures, a long platinum
wire is suspended so that its tip is immersed just below the surface of the
solution as shown in Fig. 3.15. As the solution is cooled below the liquidus
temperature, the end of the wire acts as a nucleation centre for the growth
of crystals. Provided that the density of the crystals is different from that
of the solution, crystallization is then indicated by a change in weight of the
wire. Usually this weight is measured on an electrobalance and is indicated on a chart recorder simultaneously with the temperature, measured
as near as possible to the tip of the wire.
This method is more accurate than DT A since the rate of cooling can be
reduced to an arbitrarily low value. The main source of error is that of the
temperature measurement but this can be minimized by replacing the
wire by a thermocouple so that crystals are formed directly on the junction.
If the solution is cooled slowly below the crystallization temperature,
crystals typically up to 1-2 mm in diameter can be obtained for identification of the stable phase. The stability field can be determineJ readily from
the weight-change record and any changes in the crystal phase can be
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FIG. 3.15. Thermogravimetrie apparatus for crystallization temperature determination (Smith and Elwell, 1967).

confirmed by periodic removal of the wire for inspection. The main
limitations of the method are that it is difficult to homogenize the solution
by stirring and that it is inaccurate when applied to volatile solvents since
the solution must be contained in an open crucible.

Resistivity. In general, the electrical resistivity of a crystal is higher than
that of its solutions and this difference could be used as a means of
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measuring crystallization temperatures. This method does not appear to
be very accurate in practice (Smith, 1970) since the fractional area of even
a fine wire electrode which is cove1 ed by a crystal immediately after
nucleation is small. Optimization of this geometrical problern might produce a feasible method which would have the advantage of cheapness and
ease of recording. Resistivity changes may be conveniently used to measure
the melting points of novel solvent compositions.
Identijication of crystalline phases will be discussed in Section 9.3, but
frequently morphology and colour suffice to identify crystals of simple or
well-known systems.
3.8.5. Solid phase metastability

A discussion of phase-diagram determination would be incomplete without
mention of the possibility that identical systems under nominally identical
conditions may not always yield the same crystal phase. Perhaps the best
example of this phenomenon is encountered in the growth of garnets from
PbO jPbF 2 ftuxes with and without B 2 0 3 addition. An attempt to ascertain
the stability field of yttrium iron garnet, Y3 Fc 3 Ü 12 , has bcen madc by
Timofeeva and Lukyanova ( 1970). Several other phases can crystallize
from this system, notably YFe0 3 , Fe 2 Ü 3 and PbFe 12 Ü 19 , and van Uitert
et al. (1970), after a great deal of experience, reported that the probability
of garnet formation from a favourable composition was only 50% , and this
statementwas re-emphasized by Talksdorf and Welz (1972). However, by
systematic studies necessary for reproducible growth of garnet films for
magnetic bubble domain devices, this situationwas clarified. lt was shown
by Levinstein et al. (1971) that supercoolings up to 120°C can be achieved,
and Blank and Nielsen (1972) reported that a garnet-Pb0-B 20 3 solution
can be saturated with respect to orthoferrite, and supersaturated with
respect to garnet, simultaneously. If no seeds of either phase are introduced
and nucleation occurs spontaneously, minor effects such as trace impurities
or a slight volatilization of one of the solution components might accidentally determine the crystallizing phase which could thus grow in a metastable field.
Another example of metastable growth has been discussed in Section
3.7.3 where the crystallization of graphitein the stability field of diamond
was explained by salute-solvent interactions; at high pressures and temperatures graphite or diamond could be crystallized depending on the type
of solvent.
According to Ostwald's law of successive transformation a metastable
phase may transform step by step (Ostwald'sche Stufenregel) to the stable
phase. Thus metastable phases are frequently observed as low-temperature
crystallization products in glasses (metastable viscous solutions of which
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the Supersaturation is frozen in), and as shown by Scheel ( 1968) it is
possible even to obtain relatively !arge crystals of metastable quartz solid
solutions.
Other phases which are not the stahle phases of the pure compounds
can be stabilized by traces of impurities. Thus anatase and brookite may
be obtained in the stability fi.eld of rutile (Ti0 2) and tridymite stabilized
by traces of alkali crystallizes instead of quartz (Flörke, 1955, 1956).
However, one cannot speak of metastability in the Iatter cases since the
trace-stabilized phases are thermodynamically stahle. All the examples of
growth of metastable phases mentioned above are exceptional, and one
would expect that in almost all cases the thermodynamically stahle phases
crystallize from high-temperature solutions. However, Roy and White
( 1968) pointed out that the highest probability for growth of metastable
phases is obtained in high-pressure solution growth.
3.9. Selected Solubility Data and Phase Diagrams
For the convenience of experimentalists, Iiterature data are listed in Tables
3.16, 3.17 and 3.18 which contain solubility data and phase diagrams.
However, phase diagrams which are contained in one of the following
works are generally not Iisted:
Levin et al. (1964, 1969): Oxides, salts.
Landolt-Börnstein (1956): Metals, oxides, salts, etc.
Hansen and Anderko (1958): Binary alloys.
Elliott (1965): Bi nary alloys.
Shunk ( 1969): Binary alloys.
Smithells ( 1962): Alloys.
Delimarskii and Markov ( 1961): Salts and metals.
Stephen and Stephen (1963): Solubilities of inorganic and orgamc
compounds.
Kaufman and Bernstein ( 1970): Computer calculations of phase
diagrams.
Alper (1970): Many aspects of phase diagrams.
Panishand Ilegems (1972): Ternary III-V systems.
Gschneidner ( 1961): Rare earth alloys.
Table 3.16 gives solubility data of oxides and oxide compounds, Table
3.17 of metals, alloys and semiconductors, and Table 3.18 of miscellaneous
elements and compounds. Further soluhility data may be found in several
of the original publications which are listed in the Table of Chapter 10.
However, Tables 3.16-3.18 arenot complete, and any published or unpublished solubility data submitted to the authors would be appreciated.
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TABLE

Solute
Al 2 0 3 and
AI,0 3 :Cr

BaTi0 3

(Ba. Pb)Ti0 3
Ba WO,
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3.16. Solubilities (Phase Diagrarns) of Oxides
and Oxide Cornpounds
Solvent

X
X

PbF,

X

PbO

X

PbO-B,O,

X

Li-, 1\a-, K-, Sr- and
Ba-tungstates
KF

X
X
X

TiO,
Ba Cl,
(Ba, Pb)B,O,
Na,S0 4
Na Cl

X
X
X
X
X

wo.

Li,O-MoO,
Na 2 0 -Mo0 3
CaCI,-LiCI Eut.
Na,SO,

X
X
X
X
X
X
X
X
X
X
X
X
X
X

Na 2 W0 4

X

Li Cl
Na Cl
WO,
Na 2 SO,
Na Cl
Li 2 S0 4
(Na, K),Si0 3
(Na, KhSi0 3

X
X
X
X
X
X
X
X

wo.

CaW0 4

Ca SO,
CaMoO,
Cu,O
CoO

Exper.

Na 3 AIF 8
PbF,

Ba,(Y, Ta),0 15 BaB 2 0 4
BaTa,0 6
B 2 0 3 , BaB 8 0,.
Ba,Ta,0 15
BaB 2 0 4
BeO
Li 2 Mo0 4 ·1.25Mo0 3
PbO
PbO-PbF 2
Si0 2
Ge0 2
He,SiO,
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Theor.

References
F oster ( 1960)
Giess (1964), Airtron (1963),
Wilke (1968),
Adamset a/. (1966)
Timofeeva and Lukyanova
(1967),
White and Brightwcll (1965)
Torkar et al. (1966),
Wilke (1968)
Timofceva and KonkoYa
(1968),
Timofeeva and Lukyanova
(1967),
Timofeeva ( 1968)
Voronkova et a/. (1967)
Karan and Skinner (1953),
Karan (1954)
Rase and Roy (1955)
Rase and Roy (1957)
Perry ( 196 7)
Wilke (1968)
Wilke (1968),
Voigt and Nee ls (1971)
Chang et al. (1966)
Layden and Darby (1966)
Layden and Darby (1966)
Layden and Darby (1966)
Austerman (1963)
Newkirk and Smith (1965)
Newkirk and Smith (1965)
Morgan and Hummel (1949)
Cobb and Wallis (1969)
Chang et a/. (1966)
Ballman and Laudise (1965)
Ballman and Laudise (1965)
Barta et a/. (1968)
Schultze et a/. (1967),
Wilke (1968)
Schultze et al. (196 7),
Cobb and Wallis (1967a)
Wilke (1962)
Voigt and Neels (1971)
Chang et al. ( 1966)
Wilke ( 1968)
Wilke (1968)
Parkerand Brower (196 7)
Ray (1969)
Ray (1969)
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TABLE

3.16 cont.

Solute
CoFe 2 0
Cr 2 0 3

Solvent
PbO-PbF 2- 8 20 3
PbO · PbF 2 ·0.35B 2 0

4

PbO
Eu
Na Cl
PbO · PbF, · 0.358 2 0

EuO
Fe 2 0 3

Exper.

3

X
X

3

X
X
X
X
X
X
X
X
X
X
X
X
X
X

FeO
Fe80 3
KNbO,

PbO
Na 2 8 4 0,, K 2 8 4 0
Na 2 8 4 0 7
s,o.
(Na, K) 2 Si0 3
s.o.
K,C0 3 (K 20)

KTa0 3
LiFe 50 8

K,C0 3(K,O)
s.o.

X
X

MgO

PbF 2
MgW0 4
PbMo0 4

X
X
X

wo.
Na 2 B 4 0,
PbO · PbF 2 • 0.358 2 0,

X
X
X

4Li 2 0·5B,0 3
B,O., Li80 2
Li,B.o,, Li.s.o,,
(Na, K)Si0 3
Na 2 8 4 0 7 , K , B 4 0 7
Rb,B.O,
PbO

X
X
X
X
X
X
X
X
X

PbO-PbF,-8,0 3
BaO · 0.628 2 0 3
Na,so,
Na, wo •• Na 2 \ V,O,
PbCt,
KF, NaV0 3 , KV0 3
K 2 Mo0 4 , NaF
Na 2 Mo0 4 , Na 2 W0 4
Na 4 P 20 7 , K 4 P,O,
PbO
LiF-KF

X
X
X
X
X
X
X
X
X
X
X

MgFe 2 0

4

MgW0 4
Mn 3 0 4
Nd,0 3

NiO

NiFe 2 0

4

NiW0 4
PbTi0 3

PbZr0 3
SrTi0 3

7

Theor.

X
X

References
Kvapil et al. (1969)
Timofeeva and Konkova
(1968),
Timofeeva et al. (1969),
Timofeeva (1968)
Negas (1968)
Shafer et al. (1972)
Witke (1964, 1968)
Timofeeva and Konkova
(1968),
Timofeeva ( 1968)
Mountvata and Ravitz (1962)
Barksand Roy (1967)
Nietsen (1969)
Makram et al. (1972)
Ray (1969)
Makram et al. (1972)
Reisman and Holtzberg
(1955)
Reisman et al. (1956)
Anderson and Schieber
(1963)
Webster and White (1969)
Chang et al. (1966)
Viting and Khomyakov
(1965)
Chang et al. (1966)
Nietsen (1969)
Timofeeva and Konkova
(1968),
Timofeeva et al. (1969),
Timofeeva (1968)
Berkes and White (1969a)
Berkes and White (1969a)
Berkes and White ( 1969a)
Ray (1969)
Berkes and White (1969b)
Berkes and White (1969b)
Remeika (1955),
Manzet (1967)
K vapit et a/. (1969)
Smith and Eh,·ell (1968)
Schultze et al. (1967)
Schuttze et al. (1967)
N omura and Sawada (1952)
Betyaev et al. (1954)
Betyaev et al. (1954)
Betyaev et al. (1954)
Betyaev et al. (1954)
Fushimi and Ikeda (1967)
Sugai et al. (1968)
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Soh·ent

Salute

~--

SrSO,
SrWO,
Tiü,
Y 20

3

YBO,
Y 3 Al,0 12

Exper.

Y,,Fe,0 12

:\Ta,SO,
Na Cl
Na Cl
K,B,O ,
Li,B,O,, !'\a 2 B,O, , K,B,O,
PbO-PbF,-0.35B,O"

X
X
X
X
X
X
X

Baü-B,O,
Pb0-0.35B,0 3
PbO-PbF,-0 .358 2 0,1

X
X
X

wo,

PbO-PbF,

X
X
X

Ba0-B 20,., Pbü- B,O",
PbO-PbF,-B,O,, ctc.
PbO-PbF,-0.35B,O"

X
X

X
X
X

Baü-B,O,
PbF,- YF,
Pbü
PbO- PbF,
PbO- PbF,-B,O,

YVO,
ZnFe,O,
ZnAl,O,
Zr0 2

Fl

NaVO,, NaV0 3-Na,B 4 0

v,o,

Pbü
PbF,
Li 2 Mo,O,
PbF,
Li 2 0 - Mo0 3
Na,O-Mo0 3

Theor.

Rcfcrences

-

X

ZrSiO,
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X
X

X
X
7

X

X
X
X
X
X
X

X

Wilke (1968)
vVilke (1968)
Voigtand l\"eels( 1971)
Chang et al. (1966)
:'\aumon1 and Anikin (1966)
.\nikin et al. (1965)
Timofeeva and Konkova
(1968),
Timofee\·a ( 1968)
Linares (1962a)
Timofee\·a and K\·apil (1966)
Timofeeva and Knpil
(1966 ),
Timofee,·a and Konkon1
(1968),
Timofeeva et al. (1969),
Timofeeva ( 1968)
Bakradze et a!. (1968),
Timofcc,·:t ( 19o 7)
Timofeeva (1967)
Timofeeva and Konkova
(1968),
Timofee,·a (1968)
Linares (1962a, 1964)
Sato and Hukudo (1963)
Nie lsen and Dearborn (1960)
Kvapil et al. (1969)
K ,·apil et al. ( 1969),
Timofeeva and Lukyanon1
(1970)
Phillips and Pressley (1967)
Levin (1967)
Manzel (1967)
Giess ( 1964)
Kleber et al. (1966)
Anthony and Vutien (1965)
Ballman and Laudise (1965)
Ballman and Laudise ( 1965)
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T ABLE 3.17. Solubilities of Metals, Alloys and Semiconductors
Solvent

Solute
Ag 2 S
AI 3 Er
CdS

Cd Se
CdTe
(Cd, Zn)Te
Cu 2S
FeS
GaAs

Ga(P,As)

AgCI
Al
CdCI 2
Cdi 2-CdCI 2
Cd
Cd,Sn,Bi
Cd, Sn, Bi
Cd,Sn,Bi
Cd,Zn
CuCI
FeCI 2
Ga
Ga, As, Ge, Sn
Ga, Sn, Bi, Pb, Ge
Zn, Sn, Ge, Cu, Ag, Au, Te
Ga

Exper.

Theor.

X

X
X

X

X
X
X

X
X

X

X
X

X
X
X
X

X

X
X

References
Garbee and Flengas ( 1972)
Meyer ( 1970)
Izvekov et al. (1968)
Izvekov et al. ( 1968)
Woodbury (1963)
Ruhenstein (1968)
Ruhenstein ( 1968)
Ruhenstein (1968)
Steininger et al. ( 1970)
Garbee and Flengas (1972)
Garbee and Flengas (1972)
Hall (1963)
Panish ( 1966)
Ruhenstein (1966)
Panish (1970a)
Broderand Wolff(1963),
Antypas ( 1970), seealso
Stringfcllow and Antypas

(Ga, AI)As

Ga,AI

X

X

(Ga, ln)As

Ga, In

X
X

X

GaP

Ga
Zn
Ga-GaAs
Ga, In

X

(Ga, ln)P
Ga Sb
(Ga, In)Sb
Ge
HgS
HgTe
lnAs

Ga
Ga, In, Sb
Au
:'1/a,S,
Hg
In
Cdl 2
In, As, Cd

X
X
X
(X)
X

X

X
X
X
X

X
X

X
X
X
X

~.Zn,Pb

X
X

In(As, Sb)

KCI, lnl, CuCI,
AgCI, Ag!, Znl 2 , CdCI,,
CdBr 2 , SnCI 2 , PbCI 2 , Pbl 2
In, Sb, As

X

X

ln(As, P)

In

X

X

InP

In

X

InSb
PbS

In
PbCI,

X
X
X

X

(1971)
Panishand Sumski ( 1969),
Woodall(1971)
Kovaleva et al. ( 1968)
Panish (1970b)
Hall (1963)
Panish (1970a), Panish (1966)
Shih (1970)
Marbitt (1970), Biom (1971),
Stringfellow ( 1970)
Hall (1963)
Biom and Plaskett ( 1971)
Wagner (1968)
Garner and White ( 1970)
Dziuba (1971)
Hall (1963)
Luzhnaya et al. (1966)
Luzhnaya et al. (1966),
Koppelet al. (1965)
Koppelet al. (1967a)
Koppelet al. (1967b)

Strinf,!fellow and Greene
(1971)
Antypas and Yep (1971 ),
Ugai et al. (1968)
Hall (1963),
Shafer and Weiser (1957)
Hall (1963)
Garbee and Flengas ( 1972)
Bell and Flenl(as (1966)
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Solutc

Solvent

- -- -

- --

Sn Te
ZnS

Zn Se
ZnSiP,
Zn Te

TABLE

-

Exper.

Theor.

---

References
- -·--

Sb
ZnF,
ZnCI,

X
X
X

Sn, Bi
Ga, ln
Zn , Sn, Bi
Sn

X
X

Ga, In
Zn, Sn, Bi

X

O'Kane and Stemple (1966)
Linares (1962h)
Gashurov and Levine ( 1960),
Garbee and Flengas ( 1972)
Ruhenstein (1968)
Wagner and Lorenz ( 1966)
Ruhenstein (1968)
Spri ng-Thorpe and Pamplin
(1968)
Wagnerand Lorenz(1966)
Ruhenstein (1968)

X

3.18. Solubilities of Miscellaneous Elementsand Compounds

Solute

Solvent

Exper.

Theor.

Rcferences

---

Li 3 B!'J,(50 kb)
LiF
Fe (57 kh)
Ni (I atm., 54 kh)
Fe, Ni
KMgF 3
MgF,
KF
K,MgF,
LiF
LiBaF 3
NaF
RF 3
(R ~rare earth)
Si
Au
LiF-BeF 2
ThF,
LiF-BeF,
UF,
wc
Co

BN
BaF,
C (graphitc,
diamond)

X
X
X
X
X
X
X
X
X

DeVries and Fleischer (1971)
Neuhauset al. ( 1967)
Strong and Chrenko (1971)
Strong and Hanneman (1967)
Strong and Chrenko (1971)
Neuhauset al. (1967)
Neuhauset al. (1967)
Neuhauset al. (1967)
Thoma and Karraker (1966)

X
X
X
X

Hansen and Anderko (1958)
Thoma et al. ( 1960)
Jones et al. (1962)
Gerk and Gilman ( 1968)
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4.1. Limitationsofa Theoretical Treatment
In this chapter we discuss those aspects of the theory of crystal growth
from solution which relate to the growth mechanism. Reference is made
where possible to experiments either on high-temperature or on aqueous
solutions which support the various postulates introduced in the theory. A
recent review of crystal-growth theory has been given by Parker (1970)
and theoretical aspects of crystal growth from solution have also been
reviewed by Bennema ( 1965), Khamskii (1969), Strickland-Constable
(1968) and Lewis (1974).
Although the number of theoretical publications is quite extensive,
reliable quantitative estimates of the growth rate under specified conditions still cannot be gi ven for growth from solution. All the expressions
for this most important parameter contain factors which cannot be assigned
numerical values based on experiment. Any numerical estimates given
therefore contain values which are crude approximations and so predictions
from the theory are at best reliable only to the order of magnitude.
Another serious Iimitation mentioned in the previous chapter is that our
present knowledge of the detailed atomic structure of solutions is unIJ8
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certain and any model of atomistic behaviour in the neighbourhood of a
crystal-solution interface is therefore highly speculative. I t may be expected that the recent advances in understanding of the liquid state will
Iead to new experimental and theoretical studies on solutions, and there is
considerable scope for original work. The content of this chapter is limited
to an explanation of existing th eories in order to formulate the most
complete model of crystal growth from solution which can be given at
present.
4.2. Nucleation
The initial stage of crystallization in a supercooled liquid is the formation
of nuclei of the crystalline phase. Crystal growth, as distinct from nucleation, is the process by which these nuclei attain macroscopic dimensions.
The most important early study of nucleation was that of Tarnmann
( 1925), who determined the rate of nucleation of complex organic materials.
The form of the curve he obtained is shown in Fig. 4.1. On cooling below
NUCL E AT ION RATE

UNDERCOOLING

F1c. 4.1. Temperature dependence of nucleation rate (after Tammann, 1925) .

the melting point TM, the nucleation rate is low until some temperature
TN is reached at which the nucleation rate increases very rapidly. The
metastable region TM -7 Ts will depend on such factors as the purity of the
melt and the presence of dust or other particles which may act as centres
for nucleation. The maximum in the nucleation-temperature curve is due
to a slowing down in the kinetics as the temperature is decreased. The fall
in the nucleation rate is particularly marked in viscous melts, and will
become essentially zero at some temperature Tc. If the melt is cooled to
Tc without any crystallization, a glass will be formed. A similar curve to
Fig. 4.1 will apply to solutions and it is possible to cool very VIscous
solutions to a temperature at which nucleation does not occur.
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Reviews of nucleation from solution have been given by Hirth and
Pound (1963), Nielsen (1964) and Zettlemoyer (1969). In most systems
used for the growth of crystals, nucleation occurs heterogeneously, that is
at favourable sites within the solution such as the crucible wall or the
surface of the solution. Nucleation theory, however, normally describes
the process of homogeneous nucleation in which the nuclei are considered
to form at random throughout the solution, although estimates of heterogeneaus nucleation can also be made.
Fluctuations within the supersaturated solution give rise to small
clusters of molecules, known as "embryos". The probability that an
embryo will grow to form a stable nucleus depends on the change in free
energy associated with its growth or decay. The change in Gibbs free
energy associated with the formation of a spherical embryo of radius r is
given by
(4.1)
where y is the interfacial surface energy of the solid phase and L1Gv the
difference in the Gibbs free energy per unit volume between the solid and
liquid phases. The terms L1GE and L1Gc represent respectively the changes
in Gibbs free energy due to the strain energy and to the configurational
entropy change associated with the replacement of internal degrees of
freedom of bulk crystal by rotational and translational degrees of freedom
of isolated embryos (Lothe and Pound, 1962) and these are normally
neglected as a first approximation.
As r increases from zero, the Gibbs free energy increases up to a critical
value r'* and then decreases, so that r'* represents the minimum radius of a
stable nucleus. The value of r'* is given by differentiation of Eqn (4.1) as
T

'*-- L1G
2y
~.

(4.2)

The form of Eqn (4.2) is unchanged if nuclei of nonspherical shape are
considered but the numerical factor will then differ from 2.
The critical radius r'* may be related to the Supersaturation in the system
if the free-energy change per unit volume is written as
(4.3)
where cpv is the heat of crystallization per unit volume and L1 T the magnitude of the supercooling at constant pressure. For an ideal solution, the
equilibrium solute concentration is given by n, = noo exp (- cp /RT), where
cp ( =L1H1 ) is the molar heat of solution so that cp =VM cpv, with V M the
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molar volume. The relative Supersaturation for small values of L1 T is

Lln cf>Ll T
a = - = - 2n. RT

(4.4)

so that

L1Gv = c/> v L1T = -cf>LlT =RTa

Vu T

T

VM ·

(4.5)

Substitution for L1Gv in Eqn (4.2) gives the value of the critical radius as

r*

2yVM

= -~--

RTa

(4.6)

so that an increase in Supersaturation will decreasc r* and will therefore
favour nucleation.
The value of LlG in Eqn (4.1) for a nucleus of critical size is

L1 G * = 167Ty = ~6"2'___3 V_, 1~
3L1G, 2 3R 2 T 2a 2
2

(4.7)

and, if there are n molecules per unit volume, the concentration of nuclei
of critical size is

n* = n exp ( -LlG* jkT) .

(4.8)

Th e nucleation rate /, being defined as the number of critical nuclei
generated in unit volume per second, is given by the product of the concentration of nuclei of critical size and the rate at which molecules join
such nuclei as

I =n*z* A* =41Tn*z*r*'.

(4.9)

Here z* is the frequency of attachment of single molecules to unit area of
nuclei and A * is the area of a critical nucleus. Substitution for r* and n•
in Eqn (4.9) gives
(4.10)

from which it is apparent that I will vary rapidly with the Supersaturation
a, mainly through the exponential term.

The above treatment follows that given by Volmer and Weber (1926)
who assumed that the probability of growth of the nuclei undergoes a
sharp discontinuity at the critical radius r•. Actually embryos of subcritical size will have a finite probability of growing and those of supercritical size may shrink. A correction for such behaviour was applied by
Becker and Döring (1935), but the resulting expression for I still varies
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rapidly with the driving force for crystal growth, which is represented
bya.
The dependence on Supersaturation of the nucleation rate of potassium
sulphate from aqueous solution has been measured by Mullin and Gaska
(1969) and is shown in Fig. 4.2. This figure shows a comparison between
the nucleation rate and the growth rate over the same Supersaturation
range. N ucleation is found tobe extremely slow for supersaturations below
0.5
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10 °~ and so ,,·ill not interferc to any appreciable extent with growth on
cstablished crystals in well-stirred solutions at supersaturations much
below this value. The form of the l(a) curve is in quite good agreement
with that of Eqn (4.10) and, in the region of Supersaturation above 10 °~ ,
the nucleation rate can be approximated by apower law -... au.
In the presence of a solid surface or other favourable centre, the
nucleation rate increases because of a reduction in the interfacial free
energy. An expression for the rate of heterogeneaus nucleation may be
obtained by replacing L1G* by some lower value, depending on the nature
of the surface and the shape of the embryos. Foreign particles are weil
known to provide nucleation centres and the problem of achieving a really
clean system makes truly homogeneaus nucleation difficult to achieve
experimentally.
When the conditions for nucleation are first created in a solution, a
finite period is required before the steady nucleation rate is established.
The rate at which the nucleation rate approaches the steady value I 0 can
be described (Dunning, 1955) by a relation

/(t)=/0 exp (

-D·

The time constant T can be written as
T

=

NrNz

(Wn)

Ns*kT exp kT

(4.11)

where Ne is the number of molecules in the critical nucleus and N 8 * the
number of solute molecules in the layer of solution adjacent to this nucleus.
Cobb and Wallis (1967) have estimated that, in the growth of Al 20 3 from
high-temperature solution, T can have values from about 0.4 flS to 40 flS
for undercoolings between 1 and l0°C. Under normal growth conditions,
therefore, this time dependence should have little effect since undercoolings are expected to be less than 10°C. Long induction periods prior
to nucleation may, however, be possible in highly viscous solutions.

oc

4.3. Rough and Smooth Interfaces
Once a crystal has nucleated in a solution, the growth process involves the
transport of solute molecules from the solution to some point on the
crystal surface where they become part of that surface. Of critical importance is the nature of the crystal-solution interface and we consider
first the atomic models of the surfaces of crystals.
To the unaided eye, many crystals grown from solution have perfectly
Aat faces. The important question which will determine the growth
kinetics of the crystal is whether this Aatness persists down to the atomic
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Ievel. Figure 4.3(a) shows a section through an idealized crystal having
atomically Aat faces, in which the atoms, all identical, have been represented as small cubes (this picture clearly differs very strongly from
reality !). Inside the crystal any atom will have six neighbours and, if the
binding energy per atom pair is WB, the energy with which the atom is
bound into the crystal is 3 WB since each bond is shared between two atoms.
For simplicity, only nearest-neighbour interactions are considered. If a
single extra atom is to be added to the crystal, it can form a bond with only
one nearest neighbour and so its binding energy is only WB. Furtheratoms
may, of course, from extra bonds with this firstadditional atom (adatom)
and so constitute a stable duster, but the small energy with which the first
atom is attached is clearly a major barrier to the growth of this crystal.

-A

-- 1--s
r-

(a) Smooth
FIG.

-- -A
A
A

;-

ArA' f- srA
8

(b) Rough

4.3. Crystal interfaces. (a) "ftat", (b) "rough".

An atomically rough crystal interface will have a cross-section such as
that shown diagrammatically in Fig. 4.3(b ). An atom added at the sites
Iabelied A will form bonds with two atoms in the same plane and atoms
arriving at sites Iabelied B will form bonds with three atoms in this plane.
It is clear that any atom incident on this "rough" surface will have a much
greater probability of becoming part ofthat surface than in the case of the
smooth surface. Note that this probability will depend on the binding
energy WB, 2WB, 3WB, etc., not Iinearly but through terms exp (WB /kT),
exp (2WB /kT) etc., where T is the interface temperature and k is Boltzmann's constant.
From this very simple argument, we may conclude that atomically rough
surfaces have a much higher rate of growth than atomically Aat surfaces.
Rough surfaces tend to remain rough as Iong as adatoms which become
attached at sites such as those Iabelied A in Fig. 4.3 create new "corners"
for the attachment of subsequent atoms. However, on a smooth surface,
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the rate-limiting step will be the addition of a new atom or group of atoms
on that surface, since this group will form a layer with a "rough" edge at
which atoms can be integrated relatively easily until the layer covers the
whole crystal face and the surface is again smooth.
4.4. Models of Surface Roughness

Several calculations have been performed of the degree of roughness of
a crystal surface and its variation with temperature. Burton and Cabrera
( 1949) used the Onsager (1944) solution of the Ising model to treat the
behaviour of an array of atoms on the surface of the crystal. If U is the
surface potential energy per atom of the actual surface and U 0 that of a
perfectly ftat surface, the surface roughness is defined as S, = ( U- U 0 ) / U 0 •
The parameter S,. will clearly be zero for a perfectly ftat surface and so a
non-zero value of S,. is a measure of the degree of roughness. A simple
cubic array (such as that of Fig. 4.3) is treated and is assumed to be
perfectly ftat at absolute zero.
The energy required to remove an atom from the perfectly ftat surface
and to place it on a site in the next layer (prcviously empty) is 2Tf'H sincc

four bonds must be broken. For temperatures weil below a critical value
To S, = 4exp(-2W8 fkT) in which the factor exp(-2WB(kT) is the
probability of excitation of a single atom from a full to an empty layer on
the surface. The variation of this function with temperature is shown in
fig. 4.4(a). lt will be seen that the surface may be assumed ftat provided
that T is much less than 0.1 W8 (k. More recent treatments have predicted
a'

~0

0

kT I Ws

(a)

0

:X:--

(b)

FIG. 4.4. (a) Temperature dependence of surface roughness (after Burton and
Cabrera, 1949). (b) Free energy change with fractional occupation of layer (after
Jackson, 1958).
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curves which differ markedly from that of Fig. 4.4(a), but the trend is
always from Sr= 0 at low temperatures with the roughness increasing
rapidly as T is raised above some value in the region of 0.2 W B/k. The
temperature Tc at which the surface in contact with the vapour becomes
"ideally rough" is given by WB /kIn (2 1 ' 2 - 1)- 1 and is normally much
higher than the melting point of the solid. For solid-liquid interfaces W 8
is lower and the surface may be rough at or below the melting point.
Jackson (1958) used a rather different approach which takes into account
the nature of the medium in contact with the crystal surface. His approximation involves a calculation of the change in the Gibbs free energy as
atoms are added to the surface. The results are shown in graphical form in
Fig. 4.4(b) as a plot of the change in free energy per atom versus the
fraction x of atoms occupying a layer on the surface. The parameter
rx = (L fkT)fk, where L is the latent heat of the process, and fk( < 1) is a
crystallographic factor representing the fraction of all first neighbours
lying in a plane parallel to the face considered. I t may be seen that, for
rx < 2, the free energy is a minimum when x=0.5, that is when the surface
is rough. Fora ;::.. 2, the free energy is a minimum when x has a valuc close
to 0 or 1, that is when the surface is almost smooth. Fora {100} plane on a
simple cubic lattice, fk = 2/3 and the critical condition a = 2 corresponds,
for growth from a pure melt, to a melting temperature TM= L f3k.
A similar problern was treated by Temkin ( 1966 ), who described the
behaviour of the surface in terms of a dimensionless parameter y' = 4WfkT,
where W is the surface energy per atom. A flat surface corresponds to a
high value of y'. While the Temkin theory is related to that of Jackson, it
is more general in that the number of surface layers considered is unlimited.
All the theoretical treatments such as those described suffer from the
necessity to make some approximation since a rigorous solution is not
possible. The most common approximations are the restriction of interactions to nearest neighbours and the so-called Bragg-Williams approximation which assumes long-range order and averages the interaction
between atoms so any effects of small clusters of atoms on each other are
not taken into account. Recently attempts have been made to simulate a
crystal surface by computer and some results of such simulations have
been reported by Einsbergen ( 1972) and by Bennema and Gilmer ( 1972).
The relatively !arge size of the simulated surface area ( ,.._, 40 x 40 lattice
units) gives more reliable results of the static surface properties like surface
roughness than the presently available analytical approaches. Thus
computer simulation offers considerable promise.
Hartman and Perdok (1955) proposed a treatment of crystal surfaces
based on considerations of the chemical bonding within the crystal. They
define periodic bond chains (PBC's) as chains running through the crystal
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in certain directions which contain the strongest ch emical bonds. The flat
(F) crystal faces are those which are parallel to at least two of these chains.
Stepped or S faces are those parallel to one PBC and rough or kinked (K)
faces arenot parallel to any PBC. This theory gives good qualitative results
for the crystal morphology of several materials but it cannot be used for
quantitative work such as calculations of surface energy.
The observation of smooth, highly reflecting facets on most crystals
grown from solutions suggests that these are the F faces. If a small crystal
is nucleated with an approximately spherical shape in a supersaturated
solution, the rough faces will have more sites available for the attachment
of solute molecules and will therefore grow more rapidly. As growth
proceeds, these rapidly growing faces tend to disappear and the crystal
will eventually be bounded by the relatively slow-growing "habit" faces.
The sequence of formation of the habit faces is illustrated in Fig. 4.5.
These slow-growing faces, which form the boundaries of crystals grown
under stable conditions, are of coursenot perfectly flat on the atomic scale.
They contain vacancies and adatoms (note that the minima in Fig. 4.4(b)
for er "" 2 do not occur exactly at x ~ 0 or 1), but their important propcrty

isthat growth can only occur at certain sites where a ncw layer is nucleated.

0
(a )

( b)

(c )

(d )

F1c . 4.5. Elimination of more rapiclly growing faces du ring growth.
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Such surfaces are referred to as "singular" and correspond to a minimum
in the y(8) plot which will be discussed in Chapter 5. The mechanisms
by which surface nucleation may occur are considered in Section 4.7. It
may, however, be noted that the nucleation sites will often be lattice
defects, although in principle growth by random two-dimensional
nucleation is possible on a singular surface.
Very few Observations have been reported of rough surfaces on crystals
grown from high-temperature solutions. E. A. D. White (unpublished
work) has noted on ruby crystals grown from solution in PbF 2 small
facets which appear to be rough, but such facets are very rare and it is
probable that they will be observed only when growth is terminated at a
transient stage following some change in the experimental conditions
which is tending to produce a habit change. Anothcr cause of surface
roughness was discussed by Scheel and Elwell (1973b) who assume a fast,
unstable growth rate at the end of a crystal-growth experiment due to fast
cooling when the furnace is shut off or the crucible is removed so that the
remaining solution may be poured out.
The surface roughness of crystals growing in high-temperature solutions
will increase with temperature and they may exhibit changes in growth
rate or morphology on this account as the growth temperature is raised
towards the melting point. However, we shall assume in the subsequent
discussion that the faces of crystals grown by this method are atomically
flat and the theory will be developed with the assumption that some
surface nucleation process is necessary. The experimental evidence for
this assumption will be discussed in Sections 4.11 to 4.13.
4.5. Stages in Growth from Solution
As fi.rst stressed by Kossel ( 1927), growth on a crystal having a flat interface requires some mechanism by which atoms (or the appropriate growth
units)t will be integrated into the crystal more readily than on the remaining surface. This integration may be at the edge of a layer of monatomic
thickness which spreads laterally across the crystal surface. Integration of
atoms into the crystal will occur most readily at vacant sites or "kinks"
along the edge of this layer since an atom entering such a kink will be able
to form nearest-neighbour bonds with three atoms in the crystal. The
meaning of the terms "step" and "kink" is illustrated in the diagram of a
crystal surface shown in Fig. 4.6.

t Glasner (1973) has proposed that supersaturated aqueous solutions contain
crystalline aggregates some SO to 100 A in diameter and that crystallization involves
the regular arrangement of such aggregates on the crystal surface layers of unit cell
height (see Section 4.12) but its confirmation would revolutionize the basic concepts
of growth from solutions.
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F1c. 4.6. Idealized model of "flat" crystal surface.

If a crystal which has a stepped interface is in contact with a supersaturated solution, the process of growth can be considered to occur in the
following stages:
(i) Transport of solute to the neighbourhood of the crystal surface.
(ii) Diffusion through a boundary layer, adjacent to th e surface, m
which a gradient in the solute concentration exists because of
depletion of material at the crystal-solution interface.
(iii) Adsorption on the crystal surface.
(iv) Diffusion over the surface.
(v) Attachment to a step.
(vi) Diffusion along the step.
(vii) Integration into the crystal at a kink.
The sequence (i)-(vii) is illustrated in Fig. 4.7(a). The detailed nature
of the solute particles is not known but it is likely that ions of opposite sign
will tend to diffuse tagether because of their electrostatic attraction. It is
certain that some interaction between solute and solvent particles exists in
the solution. Such interactions are described by the term solvation which is
used here to include all forms of interaction. For simplicity the solute
particles of Fig. 4.7(a) have been shown to be surrounded in the solution
by six particles of the solvent forming a regular octahedron. Salvation
may reduce the tendency of solute particles to form clusters near the
crystal surface, but the importance of dustering in vapour growth has been
demonstrated by Lydtin (1970) and there is a need for experiments aimed
at understanding the nature of the solute particles near the crystal
interface.
Stages (iii), (v) and (vii) are accompanied by partial desolvation and there
will be a new flow of solvent away from the growing crystal. The solute
particles may become desorbed at any stage after (iii) and the desorption
process has been represented on the diagram by (iv)•. The solute does not
F
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(b)
F1 c. 4.7. (a) Stages in crystal growth from solution; (b) corresponding cnergy
changes.

fully become part of the crystal until the heat of crystallization has been
liberated and the desolvation process is complete.
All the stages in the growth process can be represented by relaxation
times or the equivalent energy barriers and the potential energy profile
for the growth process is shown schematically in Fig. 4.7(b). A similar
diagram was given by Conway and Bockris (1958) for electro-crystallization and by Bennema ( 1967). An alternative representation would be to
consider the various processes as impedances but the electrical analogue
of solution growth has not been pursued, presumably because the impedances are distributed rather than discrete.
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lt should bc noted that some of the processes (i)-(vii) occur in series but
that some occur in parallel so that not all the stages are necessarily involved
in thc growth of a chosen material. For example, solute particles may
diffuse directly to a kink site by surface migration and so diminate the
neccssity for ('·) and (vi). Some of the processes will normally occur so
quickl y (in series) and some so slowly (in parallel) that they may be
ncglectcd in comparison with the other stages. In practical crystal growth
it is most important to kno\\. which process determines the rate of growth
and wc shall bc particularly concerned in this Chapter and in Chaptcr 6
with thc problcm of deciding which step is likely to bc rate-determining.
In order to discuss the growth process in morc detail, it is convenicnt to
takc stages (iii)- (vii) together as the interface kinetic stage. lt is also
necessa ry to consider the origin of the steps, which has been neglected in
the prev ious discussion. The transport process (stage (i)) by which solute
is transferred to the crystal is crucial to the growth of good quality crystals
but we defer discussion of this process until Chapter 6, in which the use
of the theory in the des ign of crystal-growth experiments is considered.
S tage (ii), ditfusion through thc boundary layer, is .first considered
separately for the case in \vhich the interface kinetics are not rate determining. The interface kinetic stage (iii)- (vii) is considered separately
and the gcneral case whcre stages (ii) and (iii)-(i v) are combined is also
treated.

4.6. The Boundary Layer
The concept of a boundary or "unstirred" laye r was introduced by Noyes
and Whitney ( 1897) and its importance in crystal growth from solution
was stressed by Nernst (1904). There is often confusion between the
solute diffusion boundary layer, which was introduced in thc previous
section, and the "hydrodynamic" boundary layer. The latter is a layer of
solution which is considered stagnant because of adhesion to the crystal
surface while th e remainder of the solution is ftowing past this surface (see
vVilcox, 1969). A simple relation exists between the two layer thicknesses,
and the layer referred to in the remainder of the book will be the solute
diffusion boundary layer.
A boundary laye r, whether diffusion or hydrodynamic, is a simplified
concept in any system ftuctuating with time. Its use in diffusion-limited
growth can be illustrated with reference to a plane crystal surface growing
uniformly in a supersaturated solution. The rate of transport of solute per
unit area in the z direction, normal to this surface, is given by Fick's law
as
dm = _ Dan
(4.12)
dt
az
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and the linear rate of growth of the crystal if its surface at z = 0 is correspondingly, with n 0 the solute concentration atz= 0,
V=

P

~no (~:).~o

(4.13)

where p is the density of the crystal. t The solute concentration at the
interface will approximate to the equilibrium value provided that the
kinetic process is extremely rapid compared with the volume diffusion.
This condition was originally assumed by Nernst (1904). If the solute
gradient is uniform over the boundary layer, substitution for (onfoz) in
Eqn (4.13) gives, if p ';P n0 ,

D (n sn- n,)
v= - - - - p

ö

(4.14)

This equation may be used to define the width 8 of the diffusion boundary
layer.
The existence of a boundary layer has been confirmed using optical
interference methods by Berg ( 1938), Bunn ( 1949) and several other
investigators, using aqueous solutions. The solute concentration is determined from the refractive index of the solution and contours of equal
concentration around a growing crystal have the form shown in Fig. 4.8.

CRYSTAL

Lines of
equol concentration
FI G .

4.8. Concentration contours around a growing crystal.

The Supersaturation is seen to be highest at the corners and lowest at the
centre of the faces. Such a variation of the Supersaturation across the face
is to be expected for a polyhedral crystal and the experimental results have
been explained by Seeger (1953) and by Baseher (1965), who solved the
diffusion equation in three dimensions using an electrical analogue.

t The diffusion coefficient D is an effective value, since both positive and
negative ions must diffuse and the requirement of local electrical neutrality must
be satisfied.
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F1c. 4.9. Solute distribution adjacent to growing KUr crystal.

The fact that crystals normally grow uniformly in spite of this variation
in Supersaturation has been explained by Frank (1958a), who supposed
that the rate of growth of any tace is determined by the local value of the
Supersaturation at one point at which thc dominant growth ccntre for the
whole face is located. However, if solute is deposited too rapidly from the
solution, it may be expected that faster growth will occur at the corners
or edges of the crystal where the Supersaturation is highest, and this is
confirmed by experiment (Chernov, 1963; Lefever and Chase, 1962). The
experimental observations of variations in solute concentration across the
face of the crystal confirm the approximate nature of equations such as
(4.14 ). The variation of the solute concentration normal to a crystal surface
in aqueous solution has been measured by Goldsztaub, Itti and Mussard
(1970) and their result is shown in Fig. 4.9. The equation of solute flow in
one dimension is normally written in the form

a2n
an an
D az2+Uct az =at.

(4.15)

The first term represents the diffusional flow, the second growth-induced
convection (Wilcox, 1972) and the third takes into account the time
dependence of the solute concentration. In the steady state, an jat = 0 and
so, if u is negligible,

a2n

az2=0

I.e.

an
az

1Z sn -

- =const= -

n,

~~

8

154

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

as in Eqn (4 .14). The non-linearity in Fig. 4.9 is attributed to convection
in the cell used by Goldsztaub et al. If the convection term is negligible,
the time-dependent solution of Eqn (4.15) has the form
(4.10)
The value of the boundary-layer thickness in this case will be timedependent and integration of the growth rate over the period of the ex periment is necessary if a comparison between experiment and theory is
tobe made.
The problem of the boundary layer was considered by Carlson ( 1958)
who assumed laminar ftow of the solution over a face of the crystal. He
found that, for uniform growth of the crystal face, the concentration of
solute should decrease with distance from the leading edge. As in diffusional
ftow, therefore, a non-uniform Supersaturation over the surface is expected.
Carlson derived an expression for the rate of growth of the crystal and his
results give for thc solute diffusion boundary-layer thickn ess (taking into
account hydrodynamics)
8=

1/3( "P·"-'~ )1/2}-1.
_ TJ_
{0.463 (p",
D)
YJl

(4.17)

Here TJ is the viscosity and p"' the density of the solution, u the ftow
velocity and l the length of the crystal face considered . A similar expression was used by Bennema (1967) to calculate the boundary-layer
thickness and the results were found to be in agreement with his experimental values. If 17 = 10 cP, p," = 5 g cm - 3 , D = 10- 5 cm 2 s - 1 , u =0.1 cm s - 1
and I = 5 mm, the value of 8 is calculated to be 0.055 cm and this value
is probably correct to the order of magnitude for diffusion-controlled
growth .
The variation of 8 with the solution ftow rate u may be used to explain
the change in crystal-growth rate at high supersaturation when the ftow
rate is varied. The usual form of the variation of the crystal-growth rate in
aqueous solutions with the solution ftow rate is shown in Fig. 4.10. The
increase in growth rate with ftow rate continues until some limiting rate is
reached where the growth rate becomes controlled by the interface kinetic
process. Carlson's theory predicts that 8 should vary as u- 112 , and so "L'
should depend on u 112 • This result is in reasonable agreement with the
experiments of Hixson and Knox (1951 ), who report v ocu 0 · 60 , and of
Mullin and Garside ( 1967), whose results are described by a relation
'L'OCU0.65,

A similar variation in the growth rate is observed when a crystal is
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4 . 10. Variation in linear growth rate with solution flow rate .

rotateJ in solution. The boundary-layer thickness in this case is given by
Burton, Prim and Slichter ( 1953) as
(4.18)
\\ hcrc w is thc angular velocity of rotation of the crystal and v the kinematic
viscosity of the solution. A linear dependence of the growth rate von w 112
is found for the growth of sodium thiosulphate using the data of Coulson
and Richardson (1956), for low values of w. Laudise, Linares and Dearborn
(1962) measured the variation of the growth rate of yttrium iron garnet
from solution in Ba0- B20 3 with crystal rotation rate. They found an
increase in ~· for values of w up to about 50 r.p.m., beyond which the
growth rate was independent of the rotation rate. The data are insufficient
to confirm an w 112 dependence at low rotation rates.
In general the observed rate of growth of a crystal will depend partly on
boundary-layer diffusion and partly on the interface kinetics. Brice ( 1967a)
has shown how the role of the boundary layer may be taken into account
in order to deduce the form of the interface kinetic law. His approach is
based on that of Berthoud (1912) and Valeton (1924). The solute concentration at the interface is taken as n; and the kinetic law is assumed to
have thc form
(4.19)
where A and m are independent of the solute concentration. The growth
law may also be expressed in terms of the diffusional ftow by a modification
of Eqn (4.14). In this case
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D (n."- n;)
p
8

V= -:__::_~-----""

(4.20)

Elimination of ni between Eqns (4.19) and (4.20) gives

(~Yim + (v;8) =nsn- n •.

(4.21)

If 8 varies as w- 112 or as u- 112 , a plot of v 11"' versus vw- 112 or vu- 112 at
constant Supersaturation should be linear and such plots were successfully
used by Brice to obtain the power m of the kinetic law. This procedure
does not, however, give satisfactory results in all cases, presumably because
of the simplifications introduced in assuming Eqns (4.19) and (4.20).
The variation of growth rate with boundary-layer thickness as a function
of Supersaturation was discussed by Scheel and Elwell (1973a) and will be
treated in Chapter 6. For low and medium Supersaturation Eqn (4.21)
will approximately hold. However, at high supersaturation and sufficient
stirring a maximum (stable) growth rate is reached which is a constant for
a given solute-solvent system. Depending on n.,.. this maximum growth
rate is determined either by surface kinetics or by heat flow.
4.7. Generation of Surface Steps
We now consider interface kinetic mechanisms in detail, treating in particular crystal surfaces which are "flat" rather than "rough" . The critical
step in the growth of crystals having perfect or nearly perfect surfaces is
the formation of a duster of atoms sufficiently )arge to constitute a stable
nucleus which will grow to form a new layer. The classical theory of
crystal growth is analogous to the nucleation theory described in Section
4.2, with the exception that nucleation occurs on a crystal surface . In such
a "two-dimensional" nucleation theory it is convenient to treat a cylindrical
embryo of radius r and of height a corresponding to one growth unit (e.g.
an atom or molecule). The change in Gibbs free energy on formation of
such an embryo is

(4.22a)
where y , is the edge energy per unit length of the nucleus. The term LlG.
ofEqn (4.1) is included (see Lewis, 1974) by putting
n(r) = n 0 exp(-LlGjkT)

(4.22b)

where n0 is the density of available sites.
Alternatively the free energy can be expressed in terms of the energy
per growth unit (for simplicity, we shall use the term "molecule") Ym on
the edge of the cylindrical nucleus. If the length of the molecule is also a,
Ym =::.ay. and so
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and differentiation gives the radius of the critical nucleus as
y",

(4.24a)

r.= a2LfGv
and the corresponding value of LlG is
2

LlG* = _1ry",
a3LfG " .

(4.24b)

Substitution for L1 G,. from Eqn (4.5) gives
r.,

*

y", V-'t

=

a 2RT-;.

A more familiar form of this equation is obtained by putting V111=NA a 3 ,
where NA is Avogadro's number and the molecule is assumed tobe a cube
of side a. This gives

* - y,"a
kTa

(4.25a)

r., -

and correspondingly
LlG* = 1ry", 2 jkTa.

(4.25b)

The number i* of molecules in a critical nucleus is
"* = 1TYs*2 =

1

a2

(

Ym

)2

kTa ·

(4.25c)

The rate of surface nucleation, and hence of crystal growth, depends by
analogy with Eqn (4.8) on exp ( -LlG* jkT), and it is instructive to estimate
the order of magnitude of this factor as a function of the supersaturation.
The energy y". is of the order of the binding energy WB, introduced in
Section 4.3, that is y", =:::cp",/6, where WB is the binding energy, cp". is the
heat of solution per molecule. (Strictly, the value of Ym will be higher on
low energy planes.) Using a value for cp = 72 kJ mole- 1 as found for nicke!
ferrite in barium borate (Elwell, Neate and Smith, 1969) so that
c?m'""2 x 10- 20 J molecule- t, then, with T= 1500 K, y"./kT=::.1 so that
LlG* ':::'.1Tja. The term exp (- G* jkT) varies from 3 x 10- 3 for a=O.S and
,..._,10- 13 for a=0 .1 to ,..._,10 - 130 for a=O.Ol. Growth by two-dimensional
nucleation therefore has a high probability except at very low Supersaturation values. In the system referred to above, growth was observed
experimentally at relative supersaturations down to about 1%F2
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A discrepancy between observed growth rates from the vapour at
below I% and the prediction from two-dimensional
nucleation theory of negligible growth below 50% Supersaturation (for
4> .../kT ~ 12) led Frank ( 1949) to propose that dislocations having a scre\\
component act as a continuous source of layers on the surface of a crystal.
The presence of the step associated with such a dislocation rcmoves the
need for surface nucleation.
Figure 4.11(a) shows the face of a crystal with a screw dislocation
ernerging at P. Molecules are readily integrated into the crystal at the step
PQ, which is of approximately monomolecular height, and the initial
growth is normal to the step as indicated by the arrow. The emergence of
the screw dislocation at P fixes this point so that the rate of movement of
sup~rsaturations

F?
( 0)

f1c . 4.11 . Development of a spiral.

thc laycr is herc zcro. Elsewhere the step mon:s in such a way that its
linear velocity is constant anJ angular Yelocity decreases with the distance
from P . .'\s the crystal grows, the step therefore winds itself up into a spiral
with its centre at P. The deYelopment of the spiral is illustrated in Figs
4.11 (a )- ( d). In this sequence the face considered grows normal to itself
at a linear rate ._.. The area of the face increases at the same time, due to a
similar grO\\"th process on the other surfaces of the crystal. The spiral will
continue to wind itself up until the separation of adjacent layers at the
centreis of the order of the radius r, * of the critical nucleus.
The presence of growth spirals has now been established on a !arge
variety of crystals. These include natural crystals (Sunagawa, 1960) and
synthetic crystals grown from the vapour phase (Verma, 1953) and from

Fr t; . 4.1 2. G rowth spiral on a ra re -ea rth o rth a fe rrit e cr,·sta l (after Tolksdurfanu
\\' e lz, 1972) .
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aqueous solution (Forty, 1951). Figure 4.12 shows a particularly beautiful
example of a growth spiral on an orthaferrite crystal grown from hightemperature solution, observed by Talksdorf and Welz (1972). The
presence of such spirals provides evidence for the validity of Frank's screwdislocation model, although the height ofthe steps in Fig. 4.12 is 50-150 A
rather than of monomolecular dimensions as envisaged by Frank.
Lewis (1974), in a review of two-dimensional nucleation, has pointed
out that the importance of growth in solution by this mechanism has been
underestimated, certainly for medium and high supersaturation. As is
clear from Eqn (4.25), the probability of 2-D nucleation will depend on
the factor c/JmfkT, which will be lower for solution growth than for growth
from the vapour. Bennema et al. (1972) have confirmed by computer
simulation experiments that a mechanism of growth by 2-D nucleation
on growing two-dimensional nuclei can describe some experimental
growth-rate data better than the screw-dislocation theory.
4.8. The Theory of Burton, Cabrera and Frank
Screw dislocations are important because they can provide a continuous
source of steps which can propagate across the surface of the crystal. In
order to construct a theory which will predict values for the rate of growth
of the crystal, it is necessary to calculate the rate at which molecules will
arrive at the steps of the spiral. A theory of crystal growth including the
mechanism of step generation and of transport into the step was given by
Burton, Cabrera and Frank (1951) and this BCF paper has assumed great
importance since much of the content will apply to any theory of crystal
growth. The theory given here was originally proposed for growth from
the vapour phase but its applicability to solution growth has been strongly
advocated by Bennema (1965, 1967) and by Bennema and Gilmer (1973)
whose treatment we follow.
The velocity of growth will depend on the shape of the growth spiral,
for which an exact expression has not been developed . BCF used the
equation for an Archimedian spiral

r = 2r/•8

(4.26)

where r and (} are the coordinates of any point on the spiral as indicated in
Fig. 4.13. Equation (4.26) should be a good approximation to the behaviour
of a real spiral, for positions not too close to the centre. The distance Yo
between the steps of the spiral will thus be

Yo= 2rs*(8 + 27T)- 8 =41Trs*.
A more rigorous approach by Cabrera and Levine (1956) showed that a
better approximation is given by
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(4.27)

and this value will be used in the subsequent development.
The second part of the BCF theory is concerned with the transport of
molecules from the bulk of the solution to kinks in the steps of the spiral.
I t is assumed that the surface-diffusion coefficient is independent of the
local concentration and this, tagether with the neglect of surface vacancies,
is the main assumption of the theory. As mentioned earlier, the nature of

T
\
e\
\

F1c. 4.13. Growth spiral.

solute particles on the crystal surface is not known but, if Iocal electrical
neutrality is assumed, it is possible to define a single relaxation time for
each stage of the surface transport process in the same way that an effective
volume-diffusion coefficient can be specified for the flow of ions of opposite
eh arge.
The steps in the spiral are assumed to move negligibly slowly compared
with the rate of migration of molecules on the surface. This assumption is
justified since the rate at which the step moves is governed by the rate of
arrival of diffusing molecules. For simplicity, the distance from the spiral
centre is taken to be so !arge that curvature of the steps may be neglected.
The net flux of particles into a strip of width dy on the surface in the region
of a step will depend upon the flux fv from the solution to the surface and
on the flux j. across the surface into the step due to the concentration
gradient created by integration of molecules into the surface at the step.
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F1c. 4.14. Flow of solute to a step .

These particle ftuxes are indicated in Fig. 4.14. In the steady state thc t\\·o
ftuxes will balance and so, for unit length in the .\· direction,

0Jiy) _ · _ o
eil'

)'

(4.28)

.

The surface ftux j , can bc expressed in terms of the surface-cliffusion
coefficient D, ancl the local surface concentration ns as

.
D dn ,
D d (
)
)., = - ·' dy =- ' dy n".a, + n." =

-

D

da,
_, ns•· dy

(4.29)

where n" . is th e cquilibrium concentration at the surface far from a step
and a , the local Yalue of thc relative supersaturation. lt is convenient to
introduce a variable lj1 as thc ditfe rencc between the surface Supersaturation
a , and thc Supersaturation \-ery far from a step, which is gO\·erned by the
solutc conccntration in the hulk of the solution. Thus
(4.30)
ancl, sincc rr is inclepcnd ent ofy,

j_,= D, n,. dd. (a- a,) = D, n" ddt/J .
.
)'
y

(4.31)

The ftux j , can be \Hitten as the difference between the ftux leaving the
surface n,(y) /T''''"'" and that moving towards the surface n.-/Tueads whcre
T,I e a<~>' is the relaxation time governing deadsorption of solute from the
surface (shown as (iv)* in Fig. 4.7). Thus
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n". t/J

T(! ~acls

T(! ~a<b

Trh'a<l '

,,.= .

(4.32)

On substitution of Eqns (4.31) and (4.32) into Eqn (4 . 2~). thc ditfcrcntial
equation of solute transport becomes

or
(+.33)
whcrc y , ~ , ·'(D, Trtpar1,) is thc mean di stancc tran:llcd by so lutc lllolcntlcs
on thc surfacc. Equation (4.33) has a generat solution

(4 .34)
and it is necessary to introduce bound ary conditions to obtain ,·alues for
A and B. The mostprobable situationisthat y , '>y .\'", \vhere .\'" is the a\-erage
distancc between kinks in a step. for a sct of cyuidistant stcps of scparation
_l' o and ,,·i th th e origin of y chosen to be mid-\\·ay bl'twee n th e steps, thc
boundary condition may be expressed by putting thc va luc of t/1 at a stcp
as ßa, so that t/; = ßa when y = J: ~ _r ... Th en, from Eqn (4 ..H), for _I' = + ~y .. ,
t/J = ßa = A cxp (Yof2y,) + B exp ( - y "j2y ,) and for y = - ~_I' .. , •/1 = ßa =
A exp ( - y., j2y, ) + B cxp (y,./2yJ from '' hich .4 = IJ, and ~ubstitution in
terms of ßa in Eqn (4.34) gives

t/; = ßa cos~ (_v /.1~)

(4 . 35 )

cosh (y ?j2ys)

If .\' 0 --'".y,, it is necessa ry to introduce an extra factor r" int o Eqn (4.35) to
take into account the non-planar diffu sion fi elds around the kinks .
From Eqn (4.31), the Aux of particlcs towards a step ma v no w bc
\Hitten as

D, n" ßa sinh (y /y ,)
cosh--(Yo/2)·;) .
y,

(4.36)

lf n ,,. is measured in gcm - 2 ,J., representsthcAuxingcm - 's - 1 tO\\·a rdsa
step either of monomolecular or !arger height. Thc linea r rate of ad,·ance
of the step 1'.<~ is obtained by multiplying j , by th e area l fpa per unit mass
of thc crystal so that, for a step of monatomic height ,
"'

v,t

=

2J.-'(u ~ u,/ '2) .

_!_ -_ 2D, n ,ej}a tan
. h )~
2
pa

apy,

y,

(4.37)

Thc factor 2 is introduced since molecules cnter th e step from t\\'O sides.
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In order to calculate the linear growth rate v of the crystal (in the z
direction), it is necessary to multiply the flux of steps by the height of a
step. Fora step separation J 0 , the number of steps per unit length is 1/yo
and so the flux of steps in the y direction will be V 5 dy 0 • If the step height is
a, the rate of growth will then be

(4.38)
or, on substituting for V 5 1 and Yo from Eqns (4.37) and (4.27)
v

=

2D. n., ßa kT tanh ~ .
2

19ymYsPa

2ys

(4.39)

If a parameter a 1 is defined as
ay 0 9.5ym a
= -- 2y.
kTy.

al= -

(4.40)

Eqn (4.39) may be rewritten in the form

(4.41)

The variation of growth rate with Supersaturation thus depends on two
parameters: C( = D. n" ßfy/p ), which determines the absolute value of ·v,
and a1 which determines the shape of the v(a) curve. For low values of
a( a<: a 1 ) Eqn (4.41) may be approximated by

Ca 2 ( exp (2a 1 /a)- 1) Ca 2
v- - - a1 ( exp (2a 1/a) + 1)- a 1

(4.42a)

Ca 2 (1 + (2a 1 /a) + ... )- 1 C
v ::::~(1+(2a 1 /a) + ... ) + 1:::: a.

(4.42b)

while for a ;> a 1

The BCF theory therefore predicts a quadratic v(a) curve for low values
of the Supersaturation with a gradual transition to a linear law as the
Supersaturation is increased above a critical value a 1 • A relatively !arge
value of a 1 for a given material should result in a quadratic growth curve
while a linear v(a) plot should be expected according to the above theory
if a 1 is low.
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Cabrera and Coleman (1963) have pointed out that at higher supersaturations, the surface Supersaturation near the centre of the spiral may be
lower than a because of the depletion caused by surface diffusion to that
portion of the spiral ,,·here the step spacing Yo is small. The result is that
Yo decreases more slowly with a than predicted by Eqn (4.27). This "back
stress" effect makes the transition from a quadratic to a linear law occur at
higher values of a than predicted by Eqn (4.42) and a perfectly linear law
is unlikely over any wide range of Supersaturation values.
lf a number of screw dislocations emerge at the growth centre the form
of the spiral will be more complex than that shown in Fig. 4.13. In order
to take into account the effect of cooperation between a number of interacting spirals, BCF introduced a factor E suchthat

19r,* 19y,..a
Yo = -E- = €kTa ·

(4.43)

Equation (4.41) then becomes
v

CEa 2
= -

-

a1

a

tanh - 1· .
€a

(4.44)

The factor € can be quite complex and some examples of cooperating
dislocations will be discussed in Section 4.12.
BCF Theory of Solution Growth
As mentioned earlier, the BCF theory was derived for growth from the
vapour. In the case of solution growth, the molecules were assumed to
enter the kinks directly rather than by entering an adsorption layer and
undergoing surface diffusion. The justification for this assumption was
that the coefficient of volume diffusion (- 10 - 5 cm 2 s - 1) is normally much
higher than the coefficient of surface diffusion (- 10- 8 cm 2 s- 1 ) for
molecules in solution so that any diffusion in a direction parallel to the
crystal surface might be expected to occur in the boundary layer. lf the
rate of flow of solute molecules to the kinks is governed by diffusion
through the boundary layer, the net flux reaching the steps, which governs
their rate of advance v, 11 will be proportional to the Supersaturation a.
With l jy 0 oca according to Eqn (4.27), the growth rate v will again vary
as a 2 since v = V 81 afyo [Eqn (4.38)]. BCF considered solute flow towards a
kink in a hemispherical diffusion field and obtained an expression for the
step velocity

(4.45)
For low supersaturationsyo is !arge and the third term in the bracket is the
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dominant one. In this case, V 5 1 oca and a quadratic law is predicted using
Eqn (4.38) since Yooc 1/a. However, at high supersaturations the second
term is dominant since Yo becomes small. In the latter case
V st

Dn . ay 0
~ pa(S- Yo)

and, neglecting Yo in comparison with S, Eqn (4.38) gives the growth rate
as

Dn, a

V=

-----;;8 .

This case is exactly the same volume-diffusion limited situation \\ hich
\\·as considered by Nernst and described by Eqn (4.14).
4.9. Should Surface Diffusion be lncluded?
The difference between Bennema's treatment of solution growth and the
BCF solution-growth theory rests upon whether or not surface diffusion
plays an important role in the growth process. It is generally accepted that
the rate of volume diffusion exceeds that of surface diffusion, but thc
effective area of the kink sites is small compared with the total area of thc
crystal face and this factor will favour a mechanism in which volumc
diffusion to a random point on the surface is followed by surface diffusion
to a kink.
A meaningful numerical comparison betwecn thc growth rates calculated
using Eqns (4.44) and (4.45) is difficult because many of the parameters
in these equations are not known even to the order of magnitude. An
attempted comparison is given in Fig. 4.15 . In this example it has been
assumed that D = 10- 5 cm 2 s- 1 , n, = 1 g cm - 3 , p = 5 g cm - 3 , a = 4 x 10 - 8 cm
and y", = 2x 10 - 20 J /molecule~kT so that, from Eqn (4.27), y " ::10a fa.
The mean separation between kinks .\" 0 is given by BCF as
(4.46)
and, with the binding energy Ws- y,"- kT for T = 1500 K, .\" 0 - a. BCF
estimate X 0 - 4a and so, for our example, we take an intermediate value of
2
X 0 =2a. The boundary-layer width S is taken tobe 10- cm and thc supersaturation range chosen is typical of experimental values. I t is found that,
with these data, the second term of Eqn (4.45) is dominant and so the
growth rate in the BCF solution-growth theory is determined by volume
diffusion over the whole range considered. For the surface-diffusion case
we assume D , = I0 - 8 cm 2 s- 1 and y _,= 10- 5 cm, which are typical values
for aqueous solution growth according to Bennema's interpretation
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(Bennema, 1965). The latter va lue gives a 1 ~ .04 which is within the range
of supersaturation values considered. The va lue of the growth rate for th e
s urface-d iffusion model depends critically on the parameter ßof Eqn (4.35) .
.\ valu e ß ~ 1 wou ld indicate that th e surface Supersaturation has its
maximum va lu e and so co rrespond s to a maximum growth rate. Bennema's
estimates of th e releva nt acti vat ion ene rgi es suggest a va lu e of ß- 10- 2
and the usual va lues are probably somewhere between these Iimits. There
is no reason in principle why a factor ß should not be included in Eqn (4.45)
also. Figure 4.15 sho'vvs that ~ · va ri es as a 2 in the Supersaturation range
shown .
I t should be emp hasized that th e data of Fig. 4.15 represent typica l
va lues and do not indicate the effect of su rface diffusion on the system
considered . Surface diffusion will always increase th e growth rate, if its
effect is not negli gible, by increasi ng th e probability that a so lute molecule
will find a kink site. C hernov ( 196 1) also proposed a th eory of crystal
g rowth from solution based on calculation of th e flow to a system of
parallel steps, assum ing no surface or edge diffusion . The concentration 11
is assumed to be described by an equati on
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on
D or = A(n- n,.)

where n is the concentration at a distance r from a step and A a constant
which is !arge if the kink separation is small. Figure 4.16 shows the solute
diffusion field around the steps assumed by Chernov. The solution of the
diffusion equation gives for the growth rate
V

AakTne
a2
= ---:-- -:-:---:--:--~:-o--=-:---c--;-----:;-4y {1 +(AafD) In (oa 3 faa) sinh (a/a 3 )}

(4.47)

where a 3 = 4 V", yfkTo. Eqn (4.47) gives a rather similar result for the growth
rate to that of the BCF volume-diffusion theory; at low supersaturations

-~8

FIC. 4.16 . Solute diffusion to system of steps (after Chernov, 1961, 1963).

(a< a 3 ) a quadratic law is predicted and the v( a) curve becomes linear at
high values of a as the volume-diffusion step becomes rate controlling.
Over a wide range of supersaturation values, Chernov's equation can be
approximated by a law of the form

(4.48)
Gilmer, Ghez and Cabrera (1971) have given a more complete treatment
of the mechanism of transport of solute particles to kinks in a step, including simultaneaus volume and surface diffusion. They also assume a
set of equidistant parallel steps and a high density of kinks so that diffusion
along the edge of a step may be neglected. A single step of height h is
considered at y = 0, as in Fig. 4.17, and the volume and surface solute
densities are related using three equations. Firstly, Fick's second law
requires that, in the steady state,

iJ2n iJ2n
iJy2+ iJz2= 0

(4.49a)

since diffusion in the crystal is neglected. Secondly, the surface-diffusion
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process as affected by th e volume to surface flow Js described by the
equation

D , iJ2n~ +
0)'

n(on)
OZ

=

z=O

0

(4.49b)

where n, in this case is the surface concentration of solute per unit arca.
Finally, the exchange of solute between surface and volume is given by

(4.49c)
The factor Df/1 represents a "drift velocity" of solute molecules entering
the adsorption layer from th e adjacent volume such that /1 =,\rdesoh.fTrrtirr
where ,\ is the mean free path in the solution and the T's are relaxation
times for desolvation and volume diffusion .
The net exchange of solute at a kink is given by the net flux from
neighbouring sites as

j = D(~;,)y =O = ~J(ns)y = 0 -n.]

(4.50)

where /ls = ATkink /T,c~;rr is the quantity analogaus to /1 for surface diffusion.
In the solution to these equations, the critical parameter is found to be
, is, as before, th e mean distance travelled by an adsorbed
b = y sf/1 where y _
solute molecule on the crystal surface. The growth rate in the Iimit b = 0
is given by
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1!_7J_
D11 r

=

a[.1 + 8+ ~~s(o + .1{ 2y,
~': coth (!--"
)- 1}]2y,

1
•

(4.51)

-' s

This equation is analogaus to Ohm's law in electricity, a being the driving
force for crystal growth and p~'f Dn, a growth "current". Each of the terms
in the square brackets has the character of an impedance. The first may
be regarded as the impedance of the adsorption reaction and the second is
that of the boundary layer. Thc third term reprcscnts an impedance for
entering the steps and thc fourth isthat due to surface diffusion.
Equation (4.51) includes Chernov's theory and thc BCF thcory and
reduccs to these when the appropriate assumptions arc madc. The ctfect
of a non-negligible value for b can be included only by numerical eomputation and examples of such calculations are given in the original paper.
Results of computer simulation of crystal growth taking into aceount
surface diffusion have been puhlished by Gilmer and Bennema ( 1972).
I t should be noted that, in this treatment, adsorption-controlled growth
which would be expected for !arge valucs of A is linear in the Supersaturation. This result conflicts with that of Reich and Kahlweit ( 1968)
which is discussed in the next Section.

4.10. The Role of Desolvation
The formation of complexes between solutc and solvent is wdl established ,
and the requirement of desolvation prior to growth has been discussed
briefly in Section 4.5. Desolvation must occur at the crystal surface since
the surface cannot proviele a driving force for desolvation at long range.
If, as in the Chernov and BCF solution-growth theories, solute were to
enter the kink sites directly from the solution, desolvation would ha vc to
occur at the same time as the intcgration process. I t appears reasonabl e to
cxpcct that adsorption onto the surface, which permits partial desolvation
and orientation of the molecules prio1 to entry into a kink, " ·ill bc a more
probable mechanism.
This latter conclusion was reached by Da\·ies and Joncs (1951) whn
studied the precipitation of silver chloride from aqueous solution hy
monitaring the electrical conductivity of the solution. They rcasoned that,
if the gro\vth kinetics were determined by the reaction of Ag ~ and CI - ions
at the interface, the rate of crystallization would be proportional to n;,"
where n ," is the concentration of AgCl in the solution. Since this rate must
equal the dissolution rate when nsn = n., the net growth rate should be
proportional to ni.. - n/. Experimentally they found that the rate of
precipitation was proportional to (n _, n,) 2 , and this led them to reject a
model in which adsorptionwas not included.
Daremus (1958) reviewed the experimental data on the precipitation
11 -
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of relatively insoluble salts and also stressed the importance of an adsorption layer. In experiments where ions of one constituent were added
in excess of the stoichiometric ratio, the rate of precipitation was found to
be substantially unchanged on adding more of the excess ions. This result
is best explained by assuming the existence of an adsorption layer which
is "saturated" by the excess ions since the growth rate then depends only
on the minority ion concentration. Doremus extended the concept of
surface reaction-controlled grO\vth, considering both the formation of
molecules on the surface prior to diffusion to a kink and the separate
surface diffusion of oppositely charged ions which are integrated alternately
into the crystal at the kiok sites. In the first case, the precipitation rate was
calculated to be proportional to (n.,, - n,)3 for a "one- one" electrolyte AB
and to (11"'- n, )4 for a "two-one" electrolyte .4 2 B. These dependences
became (n", - n,) 2 and (n.," - n,.)3 respectively for the latter model. Several
examples of a cubic growth law were quoted.
Reich and Kahlweit (1968) proposed a theory which is related to the
BCF volurne diffusion theory but which should be applicable to those
cases where desoh·ation at the kinks is rhe rate lirniting kinetic process.

According to their treatment, the rate of advance of steps is governed by
the flll\ of desolvated inns to the kinks. Thc step velocity is given by

3V,..a2(
_ - 11, "

7', 1 ~ --

Tdt·~ .,\ 'o

- 11,

) exp (W""' jk1')

(4.52)

where Td~ B is the reJaxation time for desolvation at a kink and Wdt•,; the
potential barrier for desolvation. At low supersaturations v_,1 oca through
the term (n"' - nJ and a parabolic v(a) law is expected since Y ooc 1/a as in
th e BCF theory. At high supersaturations volume diffusion will become
the rate-limiting step as predicted in all treatments of solution gro>vth.

4.11. Comparison of Solution Growth Theory with Experiment
One spectacular success of the BCF theory isthat it successfully predicted
the occurrence on crystal surfaces of growth spirals, which have now been
observed on a wide variety of crystals. In this section we examine the
ability of this theory and its va rious extensions to account for experimental
determinations of the variation with supersaturation of the. growth rate of
crystals from solution.
In interpreting experimental data, difficulty is frequently encountered
in clistinguishing between boundary-layer and interface-kinetic effects.
Two methods are available for obtaining the form of the '1-·(a) relationship
for the kinetic process by experiment. The first is to measure the variation
of growth rate with solution flow rate or crystal rotation rate and to extract
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the v(a) relationship using Eqn (4.21). Alternatively, high flow rates or
rotation rates may be used and the assumption made that the growth rate
is then controlled only by the interface kinetics. The latter assumption is
often of dubious validity and experimental data may underestimate the
true kinetic-controlled growth rate because no allowance is made for a
desolvation or minimum diffusion stage. Unfortunately data obtained by
either method are not available for growth on a habit face from high-temperature solution and we therefore consider the results of experiments on
aqueous solutions. (Measurements of the growth rate in LPE experiments
as a function of the substrate rotation rate will be described in Chapter

8.)
Forthose crystals to which Brice's method is applicable, that is for which
the v(w) or v(u) data yield a straight line when plotted according to
Eqn (4.21), a quadratic growth law is often found. Brice (1967a) used the
experimental data on sucrose (van Hook, 1945) and CuS0 4 .5H 2 0 (McCabe
and Stevens, 1951; Hixson and Knox, 1951) and found that voca 2 except
for Hixson and Knox's data above 71 °C, which indicated a linear growth
law. The data of Coulson and Richardson (1956) also fit a quadratic law but
our attempts to apply Eqn (4.21) to the results of other investigators
were not successful. For example, the data of Mullin and Gaska (1969)
yield a highly non-linear plot of vu - 112 against v 112 although the growth
rates at high values of u indicate a quadratic law. The extent of the discrepancy between these values and Eqn (4.21) is indicated by an increase
of vu- 112 with v, a similar discrepancy with Eqn (4.21) being also found for
citric acid using the data of Cartier et al. (1959). This discrepancy may be
due to convective flow in the solution.
A quadratic growth law has been found for a number of materials grown
under conditions of rapid flow. Examples are sodium chloride (Rumford
and Bain, 1960), ammonium dihydrogen phosphate (ADP) and potassium
dihydrogen phosphate (KDP) (Mullin and Amatavivadhana, 1967) and
potassium sulphate (Mullin and Gaska, 1969). However, a linear growth
law has been discovered by Bransom et al. (1949) for the growth of cyclonite, by Belyutsin and Dvoryakin ( 1957) for various alums and by Bennema
(1966b) for potassium aluminium alum.
Discrepancies are frequently noted between the results of different
investigators. For example, Mullin and Garside (1967) found that their
results for potassium aluminium alum are best described by a curve of the
form vocaL 62 , which is in agreement within experimental error with the
expression given by Chernov (Eqn 4.48). The discrepancy between their
results and those of Bennema may be due to the higher supersaturation
range studied by Mullin and Garside. Chernov's theory is also supported
by the data of Kunisaki (1957) on ethylene diamine tartrate and by
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4.18. Growth rate of sodium chlorate (after Bennema, 1967).

Garabedian and Strickland-Constable (1970), who reported a variation
of the form v o:ai. 73 for the growth of sodium chlorate.
Bennema (1967) used his own results on sodium chlorate to support his
case for the inclusion of surface diffusion in crystal growth from solution.
The experimental data are shown in Fig. 4.18 tagether with a curve plotted
using the BCF surface-diffusion formula, Eqn (4.41 ). A similar curve would
be predicted by the BCF volume-diffusion theory but in that case the
linear region would be controlled by boundary-layer diffusion. Bennema
found, however, that changing the stirring rate had no effect on the crystal
growth rate and was therefore confident that the measured growth rate
was determined by the interface kinetics. The slope in the linear region is
roughly one tenth that expected for volume-diffusion control (Eqn 4.14).
This discrepancy was given an alternative explanation by Gilmer et al.
(1971) by the inclusion of the parameter A which appears in Eqn (4.51).
Then, in the linear region,
d~·

-

da

Dn ,.
p(8 + A)

-- -

(4.53)
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from which they estimate A ~ 108 ~ 0.1 cm in this case. The data of
Garabedian and Strickland- Constable clearly do not agree with those of
Bennema but, again, this may be due to the fact that they were obtained at
much higher supersaturations.
Alexandru (1971) investigated the growth of ADP by a method similar
tothat used by Bennema and also found that his results wen: best explained
by the BCF surface-diffusion theory.
Gilmer et al. (1971) used Eqn (4.51) to interpret Jata of Smythe (1967)
on the growth of sucrose crystals. A linear dependence of ~- on a was
observed by Smythc at temperatures from 20°C to 70°C . The value of 11
at 21
is estimated as 2 x 10 - 2 cm, ·which is much )arger than the estimated
value of 8 = 4 x 10 - 4 cm . lf this interpretation is correct, the growth
mechanism must involve adsorption followed by surface diffusion sincc A
represents the effective impedance of the adsorption process.
When the results on precipitation, described in the last section, arc
included, the weight of evidence appears to favour a growth mechanism
which includes a surface-diffusion process in many cases. This conclusion
is supported by estimates by Conway and Bockris ( 195::>) of the energy
changes occurring during electrocrystallization. They concluded that the
energy rcquired to transfer an ion to a surface site is much Iess than that
for dircct transfer to a kink, and therefore favoured an initial surface
adsorption stage. Electrocrystallization must, of coursc, includc thc
transfcr of an electron which is required before an ion in thc solution can
bccome a neutral atom, but the situation is otherwisc identical to crystal
growth from solution.
The number of ~·(a) measurements on crystals grown from high-temperature solutions is very small, and these ha\'e becn made only on unstirred solutions. t EI weil and Dawson ( 1972) found a linear \'ariation for
the growth of nicke! ferrite from barium borate and of sodium niobatc
from :"-JaB0 2 • Thc data for nicke) ferrite are shown in Fig. 4.19, ancl
growth in this casc is belie\'ed to be controlled by ,-olumc diffusion
through the boundary layer. The valuc of D/8 calculated using Eqn (4.14)
is found tobe 5.7 x 10 - ~ cm s- 1 • The value of 8 estimated from Eqn (4.17)
using 77~20cP, p ," ~4 . 5gcm - 3 , D:::::10 - •cm 2 s- 1, u:::::0.1 cm s- 1 and
l = 0.5 cm is 8:::::: .06 cm, which gives D/8 - 1.6 x 10 - 4 cm s - 1 • The agrecment between theory and experiment is as good as can bc expectcd in \'ie"·
of the uncertainties in the values of D, 77 and u.
A quadratic ~·(a) variationwas found for thc growth of barium strontium
niobate Ba 0 _5 Sr0 _5 Nb 20 6 from the system Ba0- Sr0- Nb 20 5- B 2Ü 3 as
shown in Fig. 4.20. A remarkable feature of these results is the persistence

oc

t :\1easurements on stirred solutions will be published in ]. Crystal Gr01t'lh by
Elwell, Capper and D'Agostino.
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of the quadratic law to supersaturations of up to 10'\,. :\ critical supcrsaturation rr 1 nf I 11°" is two nrders of magnitude greater than the highest
\·a lue reportcd by lknncma ( IW>7) for crystal growth from aqucous
solution although Bennen1a et al. (1972) recentl y revised their estimate of
rr 1 to -J0 - 1 • :\ccorcling to Eqn (4.40), a 1 is given by 9.5y .. , ajkTy" so that
a high \·alue of rr 1 requires either a high va lue of Ym or a low value of y , .
.-\ high \·alue of a 1 thus appears to be unfavourable for crystal growth since
both low y, and high y", will favour cleaclsorption of surface molecules
rather than integration into the kinks, ancl it is founcl experimentally that
Ba 0 . 5 Sr 0 . 5 :'-ib 2 0" is a clifficult material to crystallize from borate solvents.
The quadratic law may also be due to a surface reaction between, say,
Rt:\b 2 0,; ancl Sr:\b 2 0" units, as suggestecl by Tiller (1971), but current
knmdedge of the ionic species present in the solution is insufficient to
aiiO\\. any firm conclusion. A quadratic ~·(a) variationwas founcl to explain
th e growth -rate measurements of NaNb0 3 from a NaB0 2 ftux (Dawson et
al., 1974) and of 1'-Ta 1 _}\lb,.0 3 from a K 2 C0 3 ftux (Whiffin and Brice 1974 ).
:\ewkirk and Smith (1965) observed a linear va riation in the growth of
fkO front a nuntber uf Li 20 ( \Iu0 3 soh·ents. The gruwth rates fur this
3

"'0
~

'"'

E

u

2

>

-~

C1J

.c

-

~

0
~

0'
~

0

C1J

c

·-

_j

0
0

0

~

Relative

0 2

0 3

supersaturatian o-

FJr:. 4.1 '). Crowth ratl' of nickt- I fl'rrite (EI weiland Dawson, 1972).

176

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

12

..,
0

.....

8

N

........
I

111

N

........

E

u

4

N

...

........
>

0

Relative Supersaturation er (% l

F1c. 4.20. Growth rate of barium strontium niobate (EI weiland Dawson, 1972).

material were only of the order of 10-8 cm s-1, some 2 orders of magnitude
lower than those shown in Figs 4.19 and 4.20, which are more typical of
the maximum values possible in high-temperature solution growth (Scheel
and Elwell, 1972, 1973a). lt is unlikely that such low growth rates for
Beü can be explained simply by a low coefficient of volume diffusion, and
the simplest explanation would be to postulate a high value for the
adsorption parameter of Gilmer et al. (1971). (It was mentioned above
that a linear v(a) relation is difficult to explain in terms of the BCF surfacediffusion theory when the back-stress effect is included. In the next section
we shall discuss the shapes of spirals which may be expected to result
when the growth centreis a pair or group of spirals; one example which can
result in a linear v(a) variationwill be included.)
4.12. Non-Archimedian Spirals
In the previous discussion the growth spirals have been assumed to be
of approximately Archimedian shape and to have their origin in a single
dislocation with a screw component. Frequently, however, dislocations
occur in pairs or groups and the spirals originating from such centres will
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normally have more complex shapes, and the growth mechanism may
differ from the simpler case considered in Section 4.7.
If the growth centre is a pair of dislocations of like sign, separated by a
distance greater than 27Tr, •, the shape of the resulting spiral will have the
form shown in Fig. 4.21. lf the crystal face is divided as shown by the heavy
dashed line, which will be slightly curved, the two sections will be fed with
steps from the two centres, respectively. The activity is approximately the
same as that of a single spiral. When the centres are separated by less than
27Tr, •, the arms of both spirals reach the whole area; if the separation is
much less than r!, the centre effectively generates two spirals, each with
the same step velocity, and so the activity of th e centre will be twice that of
a single dislocation.
When a pair of dislocations of opposite sign are separated by a distance greater than 21rr, •, the steps join up to form closed loops, as shown
in Fig. 4.22. This type of cooperation in which a screw-dislocation
source generates a series of continuous layers has been observed by Forty
(1951) and Griffin (1951 ), along with many other examples of spirals due to
interacting dislocations.
If there are two similar pairs of dislocations separated by a distance
!arge compared with the separation in each pair, the steps will combine on
meeting and the number of steps passing any point on the surface will be
the same as if only one pair existed. Generalizing from this statement, the
grO\vth rate of a face containing several pairs of dislocations of opposite
sign will be the same as that of a face having only one such pair as the

F1c. 4.21. Growth spiral due to pair of dislocations of like sign.
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FrG. 4.22. Layers due to a pair of dislocations of opposite sign.

active centre. When the separation of a pair is less than Zr,*, step motion
cannot occur and so no growth will proceed from such a centre.
A n interesting case arises when a group of dislocations of the samc sign,

all separated by the same distance smaller than 2Trr*, acts as a spiral source.
Such an array of dislocations may form wherever screw dislocations
occurring in a group lie along some line. The type of spiral produced by
this type of group is shown in Fig. 4.23. The separation )' 0 of the spirals
generated will be determined by the separation l between the dislocations
and is thus independent of the supersaturation a. As a result, th e growth
rate ·v( = "<' , 1 afy" ) will depend on the supersaturation only through thc
tenn z·, 1• Since '~-' ., 1 oca [Eqn (4.37)], a linear 7-·(a) law is expected and this may
cxplain the experimental observation of linear kinetic laws for somc
materials.

Frc. 4.23. Spiral due to a group of dislocations lying along a line.

Ft c;. 4 .24. Spiral on barium zin c ferrit e (a fte r Cook and

~ ye ,

1967).
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Frequently the spirals which are observed experimentally do not have
curved edges. If the rate of advance of a step over a crystal surface depends
upon the orientation, the spiral may readily develop straight edges which
are related to the slow-growing faces of the crystal. An example of such a
"polygonized" spiral is shown in Fig. 4.24. This spiral was observed (using
optical microscopy) by Cook and N ye ( 1967) on a fl ux -grown crystal of
Ba 2Zn 2Fe 12Ü 22 • The spiral is on the basal plane of the crystal and its shape
clearly reflects the hexagonal symmetry normal to this plane. The height of
the steps in some spirals was determined by replication electron microscopy
as 14.5 A, which corresponds to the unit-cell edge.
The spirals and growth features which are observed experimentally are
often not of unit-cell dimensions but may be built up of 100-10000 unit
cells. In a review by Honigmann (1958), surface studies on solution-grown
crystals of eleven different materials were reported. Spirals were observed
on seven of these materials and non-spiral layer growth on eight. On six
materials, the steps were of one or two unit cells in height, on three they
were of many unit cells in height and on two, step heights in the region of
1000 A were observed.
The formation of "macrospirals" observable with a simple microscope

FIG.

4.25. Macrospiral formation due to periodic motion of centre.
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was cxplain cd by :\mclincb, flontinck and Dckeyser (1())7) a~ lwing duc
to a '\mhbling" nf thc ccntrc of thc spiral at a helicoidal sctT\\. dislncatinn.
The etfect of a pcriodic pcrturbation of thc spiral ccntrc i~ illu~tratcd in
Fig. 4.25, in which the regular Auctuation in the pitch of th~: spiral may bc
seen to give the impression of a spiral of greater pitch. The periodic
perturbation can be inclucled m the theory hy replacing thc factor E in
Eqn (4.44) by En sin wl, so that

zo(t) =

CE 0 sin wf a 2
---

---

a1

a

1
tanh ---.-~~
E 0 Sinwta

and the appearance of a macrospiral will be goYerned by thc relati\'C
magnitudes of the frequenc y w of the perturbation and the frequt.:nc y of
rotation of the spiral. Bennema and van Rasmalen (1972) haYe shmm that
Auctuations will always reduce the Am,· of steps ancl therefore thc rate of
growth.
Bennema (1969) has argued that pol ygonization of th e macrospirals is
nplained more readily if surfacc ditfusion of solutc occurs than if solutc
cnters thc kink sitcs dircctly. He considered in partietdar tht.: obscn·ations
of Torgeson and Jackson (1965) of the macrospiral shapes on :\DP n ystab
grown from aqueous solution. vVhcn the crystals arc grO\m in a pure
solution, the macrospirals on (100) faccs arc dliptical ,,·ith a shorter axis
in the [001) direction as shown in Fig. 4.26(a) . Wh en Cr:J ions arc added
to the solution, the spirals become polygonized along [010) and [001)
directions as sho\\·n in Fig. 4.26(b).
According to th e PBC description of Hartman (1956), thc { 100} surfaces

[001]
[010]

(0 )

(b)

F1c. 4.26. Macrnspirals on .-\DP, schematic (aftcr Torgeson and Ja ckson. I <J6.5).
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4.27 . Structure of :\DP surface (after Hartman, 1956).

of ADP can be considered as narrow regions of positive ions extending in
the [100] direction with a width of cj2, alternating with similar regions of
negative ions as shown in Fig. 4.27. An ion in th e surface can diffuse
relatively easily along the [010] direction since it always moYes past ions
of the same sign. M igration along [001] is, howeve r, relatively difficult
since alternate laye rs are of opposite charge. This difference in su rfaceditfusion rates along [010] and [001] accounts for th e ellipticity in the spiral
of Fig. 4.26(a).
When Cr 3 - ions are added to the solution, many of the kink sites are
filled preferentially with these ions so that th e number of kink sites
available for growth is reduced. Polygonization results from the retardation in the rate at which steps can advance across the surface, but the
anisotropy in th e spiral shape is preserved since surface diffusion remain s
anisotropic. While alternative means of explaining these results could be
considered (see Section 5), an anisotropic surface-diffusion mechanism
appears to offer the simplest explanation.
Although macrospirals are observed quite frequently on crystal surfaces,
a quantitative theory of their development is still lacking. A qualitative
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trcatment of thc "bunching" of steps has been given by Cabrera and
\-ennilyea (1958) and by Frank (1958b) based on the kinematic wave
thcory of Lighthili and \\"hitham ( 1955). The formation of Iarge steps by
bunching is governed by kinetics rather than by thermodynamics. The
,·elocity of any step depends on the proximity of othcr steps, "·hich will
remove some of the solu te. The rate of flo\\· of steps will therefore depend
on the a\-crage separation bct\\·een steps and thc kinematic wavc theory
describes the motion of macrosteps of constant separation at some rate
·z·.:, \\·hich is less than thc vclocity ~·_, 1 of a singlc step. Bunching will be
particularly likely to occur if the vclocity ~-~, is increasing as crystal growth
continues, since in this casc newly formed steps ,,·ill tend to overtake those
alrcady present on the surface. Bunching is also more probable in impure
solutions, since impurity molecules which are rejected by the crystal
interface tend to impede the motion of steps; highly immobile impurity
ions may become incorporated into the crystal at the resulting macrosteps.
Also the solution flow rate might have an effect on thc averagc step height.
4.13. Surface Morphology of Flux-grown Crystals
Reference has been made abovc to the observation of growth spirals on the
surfaces of orthaferrite crystals by Tolksdorf and vVelz (1972) and of
polygonizcd spirals on hexagonal ferrites by Cook and Nye (1967). These
observations ancl the earlier ones of Sunagawa (I 967) and others support
the valiclity of Frank's screw-dislocation model. In this section we consider
other observations of surface features of crystals grown from high-temperature solutions and the relation between these features and the mode
of gro,\"th. A more extensive discussion of this topic has been gi,·en by
Chase(197I).
\\"hen crystals nucleate in solution, the supersaturation is normally
much high er than that at ,,·hich the subsequent gro,,·th occurs. As a result
th e initial growth of spontaneously nucleated crystals tends to be highly
cl endritic. The clenclrites grow along fast gro\\·th clirections and this rapid
growth recluces th e supersaturation. Subsequent growth occurs more slowly
but the ends of the clenclrites will be located in regions of higher supersaturation than the central region, ancl solvent inclusions are trapped near
the growth centre as the elendrite arms close. An initial clendritic growth
stage has been describecl by several authors, for example Lefever and
Chase (I 962), \\"hite (1965), Chasc (1968) ancl Scheel and Schulz-Dubois
(1971). Figure 4.28(a) shows a !arge crystal of Gd.\10 3 in which the central
den dritic region may be clearly seen, and Fig. 4.28(b) sho,,·s the same
crystal in reflected light with the !arge concentration of growth hillocks in
thc region abon· the dendritic core .
.\s growth proceecls on the clendritic core, the steppcd edges of the
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FI<:. ~ . 28. (a) l)c·ndrit ic cc ntrc o f Cd :\10 ,. " ·ith flu x inclu s ion s; (h) cA'cc t on g rmn h hill oc ks (rc Acc ti o n ph o togra ph

Schee l a nd E lwe ll , 1973b).
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d c- ndritc arm s j11"m ·icl c s itcs for th c intcg rati o n nf so lut c and a tc rr;~cc d
st r ucturc if' prndu cc d . lf grmnh is tc rminat cd at thi s stagc th c crys t;lb
a r c found to ex hibit a " ho ppc r" morphology as illu strate d in Fi g . 4.2l) .
Th e m ec hani sm of ho ppe r form ation was cli sc ussed b y L efe\·er and G iess
( 196 3), who po inte cl o ut th at hopp e r cryst a ls will be mo re likely if th e initi a l
d e nclrites attain !a rge clim c nsions ancl so in co rpo rate a !a rge fr ac ti o n of th e
a\·ailabl e so lute.
Acco rdin g to Sch ee l and E lwe ll (1973a) ho pp e r g ro wth is ass um ed to be
an effect of un st abl e g rowth. By in c reasing th e s upersa turation g radi ent ,
increasing ly un stabl e g ro wth in th e followin g seq uence ,,· ill occu r : Aat
fa ces -fo rm ati o n of inclusion s ·ed gc nu cle ati o n ·ho ppe r g rO\nh -de nd r iti c grmn h.

f<I G .

4. 29 . H o ppe r cr ys tal o f hematite (co urtesy Mrs . n. 1\lf. \Va nk lvn).

An alternati ve m echa nism of hopp e r Formation \\·as proposcd b y
Am elin cb (1953). The crys tal s in thi s case we re co nsicl e red to g ro,,· ,,·hil e
Aoating on th e so lution so that th e centre of th e face is not in co nta ct \\ith
th e sup ersa turat ed so luti on. Since contact with th e so luti o n occ urs o nl y
at th e edge, growth occurs on ly where a st ep in th e g rowth sp iral m eets a n
eclge and a narrO\\" strip of mate rial is deposited. This strip co ntimi es to
gro ,,· along th e edge of th e c rys tal and a ve rtical hollow box wo uld tend to
cle ve lop except th a t th e crysta l simulta neo usly g rows late ra ll y . Ea ch turn
th e refore appears at a g rea ter late ral dista nce from th e ce ntre than th e
pre,· iou s one and th e cha ra cte ri sti c t erraced d epress io n cl e\·elops . In th e
extrem e case of g rowth at th e edges of a c rys tal , th e res ultin g shap c ,,·ill b e
a hollo,,· reetang ul a r tube.

(a)

(b)
F1 c. 4. 30. L aye r g rowth nu cleated at edges and co rn ers. (a) d iag ramm ati c ,
(b) ed ge nucl ea ti on on ß-euc ryptite, Li.-\.1 S i0 4 (co urtes y K . Meye r, ETH Zuri ch).
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1f all th c c rys tal faccs rcm a in in co ntact \\·ith th e so luti on, co ntinue d
g rO\\·th \\·ill cn:ntu all y res ult in thc cstabli shm ent of th c hab it faces.
G rowth at relati\-c ly hi g h tcmp e ratures (and presumabl y at rath e r hi gh
sup crsa turati o n ) \ras fou nd b y L efeve r and C hase (1962) to proceed b y
nucl ca ti on of layc rs at co rn c rs o r edges of th c ga rn et cryst als stu died . Th e
layc rs in thi s casc \\T rc norm a ll y cun-cd in a d irccti on co n C<l \·e from th e
po int of ori g in , as shown in Fig . 4 .30(a). Thi s cun·aturc a ri ses bcca usc of
th c hi g her Supersa turation a t corners a ncl cdges \\·hi ch ca n Iead to an
incn.:asc of g rowth rate with di st ance from th c cc ntre o f th c fa ce. S imil a r
layc rs \\"C re obsc n -ccl by C h asc ( 1968) on In 2 0 3 c rys ta ls and b y Quon a nd
Sad lcr ( 1967) o n yttrium iro n ga rn ct . In th c lattc r case a si mil ar stru cture
mad c up o f much fin c r laye rs \ras also obscrY ed. An c:xamp le of ccl gc

FI G.

4 .3 1. Growth hillocks on ni cke! ferrite (E Iweil and l\ ea te, 197 1).
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nu clea ti on o n a ß -eucry ptite ( LiAISiO~) crystal g rown from a vanad atc Hux
is shom1 in Fi g. 4 .30(b ).
lf th c Supe rsa turati o n is lowered be low th c ,·alu c " ·hi ch ca n prom ote
co rn cr and ed ge n uc lea ti o n , th e cha racte ri sti c fea turcs sec n on m ost
cr~·s t a l s a re g rowth hill ocks, co nsisting of la ye rs ro ughl y 10 5 cm in hc ig ht.
T y pi ca l hill ocks a rc illu strated in Fi g. 4. 3 1. G ro\\·th hill ocks arc prc sum abl y form cd by a bunching process, as desc ribccl in th c pre,·ious
scction , " ·hi ch g i,·cs ri se to thc relati,·ely thi ck laye rs ,·isibl e und c r th c
mi c roscope. Oth e r cxa mpl es of growth hillock s ha,·c bee n desc ribed by
Lcfe,·er and C hase ( 1962) a nd Qu on and Sad le r ( 1967) o n ga rn cts, by
C hasc ( 1968) on ln 2 Üa, b y S un aga wa (1967) o n aluminium oxide and by
Schee l a ncl Elwell ( 1973 b) o n ra re-earth alumin at es . S unaga \\a ( 1967) has

.

I

10 fL

I

FJ G. 4 .32. Tri ang u lar g ro\\'th la,·e rs o n Iithium fe rrite (EI\\'ell and Neate, 19 7 1) .
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i JWcstigatcd a !arge numbcr of Aux grown crystals and has obscrvcd spirals
of monomnlce~dar ~tcp hcight nn magnctoplumhitc, PbFc- 1 ~0 19 , on fcrric
oxidc, alumina and yttrium iron garnet. Pyramidal layers were obserYed
on spinel, :\lgA1~0 1 . The number of featuresseenon a given face appears
to depend on the Supersaturation and a single feature often dominates a
whole face when growth occurs at low supersaturation. This decrease in
the number of acti,·e centres as growth proceeds may have an inAuence on
the maximumrate of stable growth, as is discussed in Chapter 6.
Triangular growth layers were observed by Elwell and Neate (1971) on
ferrite crystals, an example being shown in Fig. 4 .32. This feature appeared
to be the only active growth centre on that particular face, and the layer
height ( -.....10 - 5 cm) is clearly determined by some bunching effect. A
mechanism of crystal growth by the spreading of layers of similar height
was reported by Bunn and Emmett (1949) who studied the growth of Iead
nitrate from aqueous solution.
As discussed earlier in the chapter, layers, hillocks and macrospirals
may all ha\·e their origin in screw dislocations. Confirmation of the disloeated nature of hillock centreswas report ed by Lefever and Chasc (1962),
\\·Iw found on etching the crystal surfaces that an oriented etch pit was
formed at the centre of each hillock. 'T'he most likely conclusion to be
drawn from these surface studies is that growth on habit faces at low
supersaturation frequently occurs by the Frank screw-dislocation mechanism butthat edge nucleation may be dominantat higher supersaturations.

4.14. Alternative Growth Mechanisms
:\lthough the mechanism by which crystals grow from Auxed melts is often
the BCF screw-dislocation mechanism, alternative grO\\"th mechanisms
arc not rare (Scheel and Elwell, 1973b ).
:'\Tucleation of surface layers at corners or edges of a crystal may be by
2-D nucleation rather than at screw dislocations. The relative ease of
nucleation at corners or edges was first proposed from binding energy
considerations by Stranski ( 1928). Corner and edge nucleation \vill clearly
be fa,·oured because of the relatively high concentration of solute in these
regions, even if growth occurs by the screw-dislocation mechanism.
Figure 4.33 shows an optical reAection micrograph of a GdAI0 3 crystal in
which the concentration of hillocks is higher at the crystal edges due to the
higher local supersaturation. As gro\\th continues at a stable rate, the
concentration of hillocks near the edges decreases and so edge growth
becomes less important. The tendency of crystals to grow "·ith raised
edges is, howeYer, faYoured if growth becomcs unstable, as will be discussed in Chapter 6 .
.-\ particularly po,,·erful nucleation site may be formed when the faces
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Fr c. 4 .33. Grmnh hil locks a t cdges and nn faces of a (;d .-'IIO :o cn·s tal (Scheel and
E lwell . 1973b).

of a t wi nn ed crvstal m ect alo ng th e tll'in plan e at an acu te angle. The
resulting t\\·in- plane rc -ent rant cdge ('I'PRE) grO\nh mecha ni sm ca n be
envisaged ,,·ith refe rcn ce to F ig . +.3 +, ,,-hi eh sho ii'S a secti o n thro ugh a
tll'inn ed crystal. The crystal g ro\YS by the pro pagat io n of laye rs in th e
direction s indi ca ted b\· ~·~. , and rap id g ro,,·th m a\· also ncc ur in th e directi o n
of th e t\Yin pl ane, dcpcndin g on th c nature of th c tll'in and th e crystal
structure.
Th e TP RE mechan ism and its inRuen cc on th c h ab it of crystals was
desc ribed by l\i ggli ( 1920) and Spange n berg ( 193 4), ''h o both refer to
Mügge (1911) and Becke ( 19 11 ), by \\'agner ( 1960), J oh n and Faust ( 196 1)
and Faust and J ohn ( 1964) , th c latter g iY ing an extc ns iH: Ii st of semi -

0

0

Ft c . -+ .3-l . ' ['" ·in- plan e re-entrant cd ge growt h m cc hani sm.

Flc . .f. 3S. I ,a\'l' r s preading intlu<.:n cnl lJ\' mul tid o main twinning uf :'\d .-\1 0,
(Sc h eel and Eh,·cll , 1973b).
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Ft c. 4 .36 . Detail o f inte ra cti on s of twin d umains an<.l gro wth laye rs on :'\<.1 .-\10 "
crysta l (Scheel and Elwcll , 1973b).
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grn \1"11 by thi s m cc hani s m . Th c ha bit of :\l t0,1, BcO a n d
BaTiO " i ~ co nt rn ll cd b\· th c rcla ti H· impo rtan CL' of thi s m cc h a ni sm as \\·ill
bc di sc u ~scd in th c n cx t C hap tcr .
'j' ,,·in clomai ns formc d d u e to a ph asc tra ns iti o n ' <..Iu ring g rO\\·th may
a flec t th c g rO\I"t h mcc h a n ism cven ,,·he n th e a ng ul a r dev ia ti o n b e tween
t \\ in s is \e n · sma ll . Fi gu res 4 .3 S a nd 4. 36 sho,,· grO \\th laye rs o n th e
s urface o f neo d ym ium- alumin ate c rys ta ls. Th e p atte rn of layers is ,·e ry
c lose ly rela tc:cl to th e do m a in stru cture, a lth o ug h th e t \\·inning a ngle is
0
less th :.~ n I (Ge il e r a nd Bala , 1956). Thi s intc rrela ti o n b e t\\ een g rO\\"th
laye rs a nd clo m ain s is no t obse rved in c rysta ls su c h as ß aTi 0 3 in whi ch th e
d o m a ins a rc for m cd at te mpe ratures weil b elo,,· th c g ro,,·th tem p c ra ture.
I t is n ot clca r ,,·h eth c r twin b o und a ri es a t ,·ery lo,,· a ng lcs act b y

F1 c. -t..\7. G rmn h hi ll oc ks a long a t,,·in p la ne of Gd.-\1 0 , (Schee l an d E h,·e ll ,
I 973b ).
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FI(;, 4. 38. L a\'e rs spreadi ng fmm mult ipil' twin ncd rl' g ion of Cd.-\10 " (S ehn:'!
and Elwell , 1CJ7Jh).

providin g ce ntrcs fo r cla ssica l nu cleati on or bcclU sc o f a hi g h co nce ntrati on
of sc rew disloca ti ons. ln somc cascs, th c t\\·in plane s pro,·ide centres for
th e form ati o n o f g ra \\th hil locks as sho,, n in Fi gs . 4. 37 and 4 .38 . T hese
photograph s are of Gd.-\1 0 3 crysta ls, and cxamples ha,·e also bccn o bse n ·ed
whe rc t\\·inn ed region s do not p rO\·idc the dom in ant g ro ,,·th centres
beca use of th e p rc~e n cc of \T ry acti\T sc i-c\\·-di slo ca ti o n so urccs (sec
F ig. 4 .39).
Carlson ( 1958) proposc d th at lo\\·-ang le g rain boundaries m ay a lso
provide m ore actiYe g ro\\·th ce ntres th an th ose due to isolated screw
dislocations. T wi st b ou nd a ries \\·ill g iYc ri se to sc re\\· clislocati ons, th e
separation of which is g i,·en b y ~ aba rro ( 196 7) as
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F 1r. . 4 .39. D o mina t in.!. ! g rmnh cc ntrc ncar a t\\" in pl a n e of Gcl.-\1 0 , (S ch ee l a n d
E h,·e ll , 197.\ b ).

d

II

2

co~cc

q;_2

11·herc a is th e int n atOin ic sc p<lratio n and q; th c angle betm :en th e adj acent
gra in s. C sin g thc criteri on of BC F fo r th c coo perat ion bet\\·een sc rew
disloca ti ons of like sign, th at d · 27Tr *, th c m inimum angle fo r preferenti al
grow th at sc t"C \\. dislocat ions is gi,-e n bv
sin q) '2 ·o 1 +7T r* .
Th us fo r r* ~ 211o , (sec Eqn (+.2.'i a) '' ith y ", !?'!" ~ 1 ancl a = 0.05), q; mu st
be of th e orcl er of 1 2 , ,,·hich is typi ca l of th e ,·a lu es at ,,hi ch a twin
pl ane acts as rh e domi nant g rO\n h ce ntre.
C racks ,,·hi ch de\-elop in any crystal du e to SC \T rc strain during growth
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F1 c. -+. 40. Grow th a long crac k of a Gd.-\1 0 3 cn·s ral (Sc h ee l and Elwell. I ')73b ).

proviel e many ac ti\T g rO\\·th ccn trcs and tencl to " heal" b\' rcLtti\"l·h · rapid
loca l g rO\\·th. Figurc +.40 s hO\\'S a Gd .--\l Oa c rys tal in \\·hich a cra ck ha ~
dc\·elopecl du ring remo \·al of th c Cl ucibl e fr om th c fu rnacc in orcl cr to
pour off th e resi dual so luti on. Th e crac k has clca rl y rc s ult cd in ma1w
g rowth centres whi ch \\·erc more acti ve th an ce ntres \\·hi ch h acl pre\· ious ly
dom in ated g ro\nh O\'e r th c \\·h ole face .
ln an y attempt to assess thc gro wth mechanism of a c rys tal , carc must
b e exe rcised to allO\\. for th e mutual inA.u ence \\·hi ch n eig hbourin g faces
exe rt upon each oth er. An example of thi s inA.u en ce is s h m m in F ig. 4.41
which s hO\\·s two faces of GdA l0 3 inclin ed at 90° to each oth e r. Layers on
th e two faces run in oppos ite directions, and th e laye r-ri ch regions of th e
t wo faces correspond to each oth e r. On some crys tals on e fa ce h ad \·e ry
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Tw o adjacen t faces (a t nea rl,· 90 ) of Gd.-\ 10 .1 (S c h ee l and Ehn: ll,

1973b ) .

act in· g ro\\ th ce ntres, ,,·ith adjaccnt fa cc!'> siHJ\\·in g hard l~· any fcaturcs,
s uggest ing that th c latter faces gre ,,· b \· cd gc nucl cati o n fr om th e morc
act i,·e fa ce . Such obsc rn1tion s are contrary to t hc PB C co n ce pt, \rhich
t r ~a ts a ll {100} faces of a pse ud oc ub ic p ero ,·s kite as css ~ nti a lly eq ui n !lc nt,
and indi ca te that ge n cra liza ti on s on g rO\\·th m ccha ni sms sh o uld bc cx prcss'C' d ,,·ith ca rc.

4.15 . Summary
(i) Th e rate of nucl ea ti o n of c rysta ls nuies ra pidl v ,,·ith Supe rsa turation
o nce a criti ca l ,·a lu c, of th e o rcl cr of 10° 0 , is excecclccl and JS n :n · lo,,· at
lo\n;r s upcrsa turati on s.
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(ii) The initial growth following spontaneaus nucleation is often dendritic, then terraced, before stable facets are established.
(iii) Crystals grown in a stable mode from high-temperature solution
normally have atomically flat faces, on which growth occurs by the spreading of layers from active centres. The evidence for this statement is based
on observations of growth spirals and layers and it also explains the
observation that crystals preserve their shape although the Supersaturation
is not constant across a face.
(iv) A complete description of the growth process should include
desolvation and surface diffusion of solute.
(v) In unstirred solutions, volume diffusion is the most probable rate
determining step. At low supersaturations screw-dislocation growth can
account for most of the experimental measurements of growth kinetics
although alternative explanations are often possible. The theory of solution
growth is still not quantitative since it contains several parameters which
cannot be determined.
(vi) No strict generalization on the growth mechanism and the rate
determining step is possible. Depending on the solute-solvent system and
on the experimental parameters (supersaturation, temperature, concentration, stirring, impurity concentration, etc.) each crystal will have its
individual growth history.
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S.l. H istorical Development
Ioterest in the morphology of crystals really began in 1669 when Steno
described the law of constancy of angles for the faces on quartz crystals.
This law was confirmed by Cappeller (1723) on a va riety of crystals. The
first examples of habit modification in artificially-grown crystals were
described by Rome de L'Isle (1783, rocksalt octahedra in a solution to
which urine was added), by Leblanc (1788, alum cubes and octahedra)
and by Beudant (1817, 1818), who described the influence of impurities
and of mechanical mixing on the habit.
A further stimulus to the growing interest in this field was prO\·ided by
Haüy (1783, 1784), who postulated a relation between a chemical substance
and its individual crystalline form, and another important dnelopment
was that of Wollaston (1809) with the optical goniometer. An impressive
amount of data was accumulated in the 19th and early 20th centmies on thc
angles between crystal faces, and an enormous Yariety of careful drawings
was prepared. Today the possible morphologies of a crystal ha\·ing a
known structure may be dra\\·n by a computer in a matter of minutes (see
Figs 5.8.(Il), 5.13, 5.14), but 100 years ago this was a major problem. The
famous Goldschmidt atlas (1913) and the works of Groth (1906) contain a
compilation of all the faces which had been observed on the known
minerals. For example, for quartz 31 common and 369 rare and for calcite
148 common and 381 rare faces are listed, and the occurrence of particular
crystal faces on minerals from various deposits was described by statistics.
The situation was changed by the discovery of X-ray diffraction by
Friedrich, Knipping and von Laue (1912) and by the first structure
202
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determinations by W. H. and W. L. Bragg (1913) . Thc crystal grower is
nmv mainly interested in finding explanations for the habit modifications
in artificially-prepared crystals while the crystal consumer is concerned with
optimization of the shape of crystals for his particular application or
measurement. If impurities are incorporated preferentially at certain faccs,
it is desirable to ensurc that such faces are not present on the growing
crystal if the highest possible purity is tobe obtained.
The following discussion on the habit and its modification is, of course,
only relevant when the crystal grows unconstrained in the solution, when
thc crystal can form equilibrium faces. This is not the case, for example,
in the tra\'elling solvent zone technique, in liquid phase epitaxy or in the
pulling of crystals from solution (by a modified Czochralski technique) as
will bc discussed in Chapters 7 and 8. However, crystals grown by the
latter tcchniques frequently show facets which demoostrate the strong
tendency towards facet formation even in constrained crystallization
processcs.
This Chaptcr giYcs a bricf sun-cy of thc cquilihrium shapc and of habit
modification in crystal growth from solution. More dctailcd infonnation
on special topies has becn given by \'aleton (J<..IIS), Tertsch (1926), Burton,
Cabrera and Frank ( 195 I), Buckley ( 1951 ), Honigmann ( 1!J58), Chernov
(1961), Hartman (1969), Kern (1969) andin the conference proceedings of
Adsorption et Croissance Cristalline (Colloq. Intern. C.N.R.S. No. 152,
Paris, 1965).
5.2. The Equilibrium Shape of a Crystal
Gibbs (1875, 1878) was the first to give a description of the equilibrium
form of a crystal based on thermodynamics. The total free energy of a
crystal is the sum of the free energies of the volumc, of the surface and of
the edges and corners. Gibbs showed that the edges and corners have an
effect only when the crystals are extremely small, whereas the relative
contribution of the surface free energy decreases in proportion to the
linear dimensions of the crystal. For crystals of the same volume the
equilibrium form is that which has a minimum surface energy. Gibbs'
condition demands that .Ey; A; should have a minimum value, where y,. is
the specific surface free energy of the face i, A; its area, and the summation
is taken OYer all the faces of th e crystal. This principle was also used by
Curie (1885).
Wulff ( 1901) established the relationship between individual faces of the
equilibrium shape and their individual specific surface energies by the
theorem:
\\'hen a crystal is in its equilibrium shape, there exists within it a point to
which the perpendicular distances from all faces are proportional to their

204

CRYSTAL GROWTI-1 FROM IIIGII-TEMPERATURE SOLUTIONS

specific surfacc frcc cnergies; any nthcr possible facc , not bclnnging tn thc
cquilibrium shapc, ha~ a surfacc fr cc encrgy suchthat a plane drawn with thc
cnrresponding oricntation and di~tam:c front this point wuulcl bc cntircly
outside the crystal.

A polar diagram of the specific surface free energy is called a Wulff plot
(or y plot) and shows a closed surface, the distance of which from the origin
is proportional to the magnitude of y. The equilibrium shape is then found
by drawing all the planes normal to the radius vectors to this surface and
taking the innermost envelope. The equilibrium shape will thus be determined by the minima in the Wulff plot. If these are sharp, that is if
certain faces have much lower free energy than other possible faces, the
crystal will be facetted. A point on the y surface corresponds to apart of the
equilibrium surface if a sphere drawn through thc origin to tauch the y
surface at this point does not intersect the y surface. A section through a
Wulff plot for a simple crystal shape CDEF is shown in Fig. 5.1. The

G

FH;.

5. 1. \Vulffplotforsimple crystal.

diagonals CE and DF arc first clrawn, thcn circles are dra\m with the
diameters OC, OD, OE, OF between 0 and the corresponding corners.
The normals from 0 to CD and DE, respectiYely, are th en proportional to
YA and y 11 and meet the minima in the y plot. This e:xample assumes no
other minima, that is no other possible equilibrium facets. lt is eYident that
the \Vulff theorem can generally be applied tosmall crystals only. This is
confirmed by careful e:xperiments of \"aleton (1915) and of Neuhaus (sec
Spangenberg, 1934) who did not find differences in solubility of various
existing faces on macroscopic crystals. HoweYer there is theoretical proof
by Volmer (1939), von Laue (1943), Landau (1950), Herring (1953) and
Chernov (1961) that in principle the Wulff theorem should hold and that
crystals should have singular faces up to their melting point. Bennema
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(JIJ73) has rcvic\\cd Hcrring's treatment of thc cquilibrium form anJ
prcsented his conclusions in the form of seven theorems.
Thc kinetics of the microscopic grO\\"th steps at the growing surface,
c:-;pccially the conccpt of the repeatable step, offer an alternative possiblity
of determination of the equilibrium form . .--\ttempts to perform such
calculations haYt: been described by h.ossel ( 1927), Stranski (1928) and by
Stranski and Kaishe,· (1934) and ,,·e re for instance successfully applied by
Simon and Bienfait (1965) to the complicated structure of gypsum.
llo\\·c,cr, as a rulc thc mcthocl of h.ossel and Stranski " ·ill only bc applicablc to simple structures. Re,·ie\\·s on the Kossel-Stranski model werc
publi:-;hcd by Knacke and Stranski (1952) and by Honigmann (1958).
QualitatiYc methods of predicting the stable crystal habit ha,·e been
proposcd, notably by Bravais (1X66), N iggli (1919, 1920), Sohncke (1888),
Donnay and I-huke r (1937) and by Hartman and l'crdok (1955). Stable
faccs \\LTL' connected by L. Bra va is with a high latticc plane density and by
:\ igg l i "ith surfaccs haYing fcw unsaturatcd bonds. Sohncke and later
Donna~· and llarker proposcd that thc faccs of lo\\TSt specifi.c surface frec
cnergy \\·ill b:.: thos~ of highcst rcticular density, that is th osc which haH·
thc hi ghcst dcnsity of atomic packing ..--\lthough thc equilibrium fac es of
crystals do normall y ha\T a hi gh rcticular dcnsity, it is also neccssary to
considn thc nature of the ehemied bonds betwcen the atoms in thc crystal
as \\as stresscd by :\liggli (1919, 1920).
Thc Hartman-Pcrdock PBC method, which \Yas brieA y mentioncd in
Chaptcr 4, is based on thc assumption of Born ( 1923) that thc surfacc
cncrgy of a crystal dcpends mainl y on the chemical bond energics. The
attachmcnt cnergy of Hartman and Perdok depends on the direction (with
rcspect to the surfacc) of thc strong ch emical bonds, which are those which
rclease the largest amount of energy during the crystallization process.
lJ ninte rrupted chains of strong boncls are called periodic !2ond ~hains
(I'BC) . In thc n:ample shown in Fig. 5.2, (a) has flat-or F faces with strong
bonds linking neighbouring PBC's, (b) has a stepped or S face since th ese
bonds are not dircctccl along the surface. In Fig. 5.3, the F and S faces

F

(a)

s

(b)

FIG . 5.2. Section o f crystal with o representing a PBC. (a) Ne ighbouring PBC's
linked by strong bonds, (b) neighbouring PBC 's not linked b y strong bonds along
the S fa ce.

206

CRYSTAL GROWTH FROM 1-IIGH-TEMPERATURE SOLUTIONS

F
Fit;. 5.3. Flat (F), stcpped (S) and kinked (K) faccs corrcspunding to thc
directions ofPBC's parallel to A, Band C.

arc Jcpictcd, togcther with the kinkcd or K faces which do not contain any
PBC vcctor. Clearly the Sand K faccs grow vcry quickly and arc therefore
rarely, if ever, observed. The habit of a crystal is dominatcd by thc
slowly-growing F faccs. From a knowlcdgc of the crystal structure it is
frequcntly possiblc to prcdict which will bc the F faccs, and many examplcs
of the application of this method have becn published. However, not all thc
F faces will be present, and it is not possible to predict with confidence
which F faces will have the lowest rates of growth and which will be
present in the crystal.
There is a certain similarity between the PBC method and thc dassied
Kossel-Stranski theory as outlined by Honigmann ( 1958). Thc F and thc
Sand K faces of Hartman and Perdok correspond approximatcly to thc
flat and rough faces, rcspectively, of Stranski ( 1932). There is, in fact, a
variety of terms for the three types of faces, as listed in Tablc 5.1, and
having thc same significance. In this connection it is interesting to notc that
Steno described the stepped and irregular structure of intermediate faces as
early as 1669.
In general, the value of theories of thc equilibrium habit of crystals is
limited becausc growth occurs under nonequilibrium conditions (except
for the fcw observations of equilibrium forms of small crystals by Lemmlein, 1954; Klija, 1955; Bienfait and Kern 1964 ). The departurc from
equilibrium normally increases with crystal size, solute concentration,
supersaturation, growth rate and impurity concentration. In addition,
the type of solvent may influcnce the habit according to the type of
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3.1. Methods of Notation for thc Threc TypesofFace

Kossel (llJ27)
Stranski ( 1928)
Stranski and Kaische\·
(1931)

Burton and Cabrera (1949)
-

-
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glatt (flat)

vergröbert (rough)

mllständig,
(; leichgewich tsformFlächen (complete.
faces of eq uilibrium
form)

urwollständig
(incomplett')

close-packed

stepped

~~

Hartman (1953),
Hartman and Perdok (1955)
Honigmann (1958)

F (flat)

S (stepped)

K (kinkeJ)

A2

Al
onedimensional
nucleation

zerodimensional
nucleation

twodimensional
nucleation

AO

Chalmers (1958)
Laudise ( 1970) etc.

smooth

rough

Frank ( 1958).
Cabrera ( 19 59)

singular

nonsingular, \·icin al

solvent-solute interaction as discussed in Chapter 3. Frank ( 1958) stressccl
the fact, already mentioned by Gibbs (1875, 1878), that for crystals of
macroscopic dimensions the energy associated with the driving force for
crystallization will be !arger than changes in free energy due to departures
from the equilibrium shape, so that crystals will not have their equilibrium
form except for the cases where the kinetically controlled habit happens to
be identical with the equilibrium form. Among the other factors which
might inAuence the habit are the crystal defects (dislocations, twin and
low-angl e boundaries), as discussed later. In addition the effect of surface
roughening (Sections 4.2 and 4.3) will decrease the importance of the
predicted equilibrium form. Normally, however, as pointed out in the
review by Hartman (1969), morphological changes usually involve only
F faces and arc caused by changes in the relative growth rates of different
F faces .

5.3. lnfluence of Growth Conditions on Habit
The habit of crystals growing in solution is determined by the slowest
growing faces as noted in Chapter 4. The assumption in the discussion on
the equilibrium form was that these faces will be the faces of lowest
energy, but it is apparent that crystal habit is governed by kinetic rather
than equilibrium considerations. A considerable period may, howeve r,
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elapsc after nucleation bcforc thc slowcst growing faccs dominatc thc
habit, ancl a dcpcndcncc of thc obscrvccl habit on thc duration of growth
has been noted by numerous investigators (sec, for instance, Buckley,
1951; Van Hook, 1961; Alexandru, 1969; Mullin, 1972).
A dependence of crystal habit on supersaturation is to be expected since
the growth rates of different F faces often exhibit a different dependence
on the supersaturation. The linear growth rate may be written as

v=ka

(5 .1)

111

where the parameters k and m depend on the face considered and on such
factors as the temperature and the solution flow rate. Thus the relative
growth rates of two faces denoted by 1 and 2 \vill be
·v 1
Vt

k1 0
k 2 a"'
111

1

(5.2)

2 •

If these growth rates have the form shown in Fig. 5.4, face 2 will tend to
dominate at low supcrsaturations where
clominate at higher supersaturations.

~·~ <- ~·,.

Accordingly face 1 ,,·ill

V

0
F1c. S.4. Variation with Supersaturation of grnwth rate of two F faces .

Kern (1969), in a revie\Y on crystal morphology ancl the effects of impuritics, quotes potassium iodicle as an example of a crystal ,,-hich exhibitssuch
a clepenclence of habit on supersaturation. When K I is grown from an
aqueous solution at supersaturations below 10% , it is bounded by {100]
faces. If the Supersaturation is greater than 14% , the dominant faces an:
{111}. Both types of face are seen on crystals grO\m at supersaturations
between 10 and 14% . The type of behaviour illustrated in Fig. 5.4 has been
found for many crystals grown from aqueous solution, particularly by
Kern and co-workers. Another example is that of Rochelle salt, which was
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studied b y lklvustin and D vo rya kin (195 8). They studi~J the relati ve
g rowth rat es of seYe ral fac es and found maxima relatiH· to {I OU} at
d i tferent su persatu ration s.
The 1ari ati on with time of crystal habit for faccs inclined at differen t
angles has been d iscussed b y .-\l exa ndru (I 969), 11·ho also considered the
practica l conditions for the gro1\'th of !arge crystals from aqu ec us so luti ons.
lle a lso pointnl out the dlect ofthe seed crystal shape on th e final habit.
Sincc thc parameter !? of Eqn (5.1) depcnd s on temperature, habit
m oditications 11·ill normall y resu lt from significant changes in th e gruzctlt
f!'mperalure. In ge ncral, experimenta l studics arenot carried out at constant
supersaturation and so do not distinguish bct11·een the (respectiw) etfects
of temperature and supersaturation. GaniloYa (I 96g) studied the etfect of
temperaturc on thc morphology of magnesium sulphatc MgS0 1.7H 20.
The changcs in morphology of this s ubstancc we re mainly changes in thc
relative elongation. Thc ratio of th e length of th e crystals along [100] to the
distan ce bctween oppos ite {I 10} faces varied rcgularl y f1om 7.8 at 22°C to
2.3. at 42 °C . Ga nilova ascribcs this etfect to modifications in th e structure
of the solution, duc tu thc change in cunccntratiun rather than tu thc ctfcct
of tcrnperature o n th e growth kin etics. The lVIgS0 1 - H~O system is,
hmiTI'e r, untypical because of th e !arge d egrec o f solvation: crystallization
abO\·e 4g cc yield s the hexahydrate :VIgS0 1 . 6H~O. An exampl e of separation of th e effects of tem pcrature and Supersaturation on the habit for
h ydroth ermal gro11th of quartz wa s gi1·en b y Laudise (1958, 1959). Thc
appearance of ne11· fa ces, {I I I} and {01 2}, 11·as observcd on Na Cl crys tals
b y Honigmann (I 952) 11 hen temperature fluctuation s of U. I to 5°C were
applied during growth, and similar observations had already bcen madc
in I 914 by ShubnikO\· on alum. Th e appearance of rough (non-eq uilibrium)
faces is compared 11·ith th e face development on sphen:s (Honigmann,
I 958).
:\s discussed b y Egli and Johnson (1963) a directecl fio w of solution
around th e g rowing crystal might be usecl to change the final shape.
:\lexandru (I 969) found no significant ditference in the hab1t of Roch elle
salt (NaKC1 H1 0 6 .41-l~O) crystals grown in static andin stirrecl solutions.
Effects of solution flow have been discussecl b y Gülzow (1969). In th e case
of rapid solution flo11· and hi gh supersaturation, the linea r gro11·th rate was
found to 1·ary 11 ith distance from the leadi ng edge of the crystal. Two
equiYalent faces then will grow with different speeds as schernatically
shown in Fig. 5.5. In the " shadow " of th e solution stream hoppcr growth
might e\Tn occur, as 11ill be discussed in Chapter o. Gülzo11· also gives
namplcs of morphology changes due to dejerts ha1·ing a strong directional
property, which 11·ill arise because of th e increase in the rate of gro11th
11 ith the concentration of clefects on certain crystal fac es .
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----11

I

Direction
of solution
flow

F1c. 5.5 . Different growth rate of equivalent faces due to the direction of
solution flow.

Twinning and especially the twin-plane re-entrant edge (TPRE) mechanism
and their influence on the habit were described by Scheel and Elwell (1973)
and in Section 4.14. Examples of habits of Al 2 0 3 , BaTi0 3 and BeO
modified by TPRE are discussed below (Sections 5.5.1-5 .5.3). Shlichta
( 1969) considered the effect on crystal growth of the strain energy associated
with dislocations. This energy might be )arge enough to influence the step
height of the layers advancing from the growth spirals. Thus crystal faces
having the largest value of Burgers vector would have the highest surface
energy and therefore the slowest growth rate. On the other hand, Shlichta
presented evidence that the contribution of the dislocation strain energy
to the morphology is at most rather small. Fordham ( 1949) measured the
growth rates in the same crystallizer of strained and unstrained crystals of
ammonium nitrate. He found that the strained crystals grew at a slightly
faster rate on average, but the difference was not )arge compared with thc
scatter in the results for both sets of crystals.
Sheftal ( 1958) has proposed that habit changes can arise from differences
in the concentration of inclusions near a crystal face, but this view does not
appear to have received much support. Inclusions are normally seen as an
effect rather than a cause of morphological changes.
Ultrasound may have an effect on the habit since the growth rate of
various faces seems to be dependent on the direction, the frequ ency and
thc intensity of applied ultrasonic waves (Kapustin, 1963).

5.4. Effect of lmpurities on Habit
A vast number of papers has been published on obsen·ations, largel y
qualitati ve, of morphological changes produced by the addition of small
quantities of impurity to solutions. Buckley (1951) devotes a major section
of his book to this topic, in part1cular to the effect of organic impurities on
the growth of inorganic crystals from aqueous solution, and lVlullin (1972)
discusses in some detail the use of habit modification in the chemical
industry. We shall consider here only briefly the effect of impurities on
crystal morphology, and in Chapter 7 we shall discuss the distribution of
impurities in solution-grown crystals (in connection with the preparation
of doped crystals and of solid solutions).
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An important fact to be explained in connection with impurity effects is
that only very small traces, typically 0.01 °; 0 , are often required to produce
changes in habit. This means that many obsen·cd crystal habits may be
caused by unsuspected impurity effects. The impurities normall y have little
effect on the dissolution rate as th ey are pt esent in concentrations weil
below the solubility Iimit.
Mare (1908, 1912), Gille and Spangenberg (1927), :"Jeuhaus (1928), and
Bunn (1933) proposed that impurities formtwo-dimensional comple.ws on
certain crystal faces and that these may become unstable three-dimensional
complexes as growth proceeds. The latter comp1exes break up and have the
effect of retarding growth on such faces through their interaction with the
solute. On other faces the impurity forms stable complexes which are
incorporated into the crystal and have little effect on the growth rate. The
cffect of the impurity on the crystal habit according to this argument arises
through the reduction it causes in the supply of material to the crystal face.
More recent treatments normally consider that the impurity is adsorbcd
on thc crystal surface and that it causes a reduction in the spccific surfacc
frcc cncrgy Jy. This is rclatcd to tht: tcnlpcraturt· and tu thc packing
clensity of adsorb<'cl particlcs by thc equation
iJy = l<Tns., ·ln

(1 _"'!_s_
)
n.r;.,·,

(5.3)

which was derived by von Szyskowski from the Gibbs adsorption isotherm
and the Langmuir equation. Here ns is the actual number of adsorbed
particles per square centimeter and ns. is the maximum number of
adsorbed particles. Stranski (1956) has discussed this change in surface
free energy with respect to the equilibrium shape regarding the Kossel
crystal (see also Honigmann, 1958).
A recent experimental and theoretical study of the effect of adsorption
applying the theory of Gjostein (1963) has been published by Burmeister
(1971) for the case of silicon growth from the gas phase. In part these
arguments can be applied to growth from solution if the pressures are
replaced by the concentrations in the solution. Burmeister's equation for a
rough surface is

(5.4)
where y 1 ts the surface (line) energy, N 1_, the maximum number of sites
available on ledges, p the actual pressure and Pt"' is a characteristic
pressure. The relative density of adsorbed molecules is then

~:: = 1-exp ( - k;:vJ

(5.5)
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with N 1 the effective numbcr of molcculcs adsorbcd at ledges. Thc ratio of
the line energy y 1 to surfacc cnergy is of the ordcr of thc lattice constant
(Honigmann, 1lJ58).
The review of Kern ( 1969) discusses two-dimensional adsorption
compounds and the specific effects of certain impurities, such as Cd 2 ' ions
for habit modification of NaCI, are ascribed to the similarity between the
{111} planes of NaCI and the corresponding plane in the CdC1 2 structurc.
If an adsorption layer covers a whole surface of a crystal, growth of that
face may be entirely suppressed. Cabrera and Vermilyea (1958) postulate
that a fall in the growth rate will occur if the mean distance between
strongly adsorbed impurity particles is comparable with the size of a
critical two-dimensional nucleus for the corresponding supersaturation
(see below). Chernov (1961, 1962) distinguishes between two effects of
adsorbed impurities. If these are relatively small and mobile, thc main
effect will be to reduce the effective number of kinks. Relatively !arge and
immobile impurities, such as organic dye molecules, act as an obstacle
for the movement of surface steps. In the former case, the mean separation
x 1 of unoccupicJ kinks is incn:ascd comparcd \\-ith the value .\'., for tlw
samc crystal in a pure solution by a relation

x 1 = x" + fn 1
where n , is thc relative concentration of impurity in the solution and
given by
_
f -

a

2V 1 /J

. (

kT) 3 12

2TTm

_

W, + T-V~.-,- W~.-,

exp --~- - ·

f

is

(S.7)

Here V 1 is the volume and Ws the energy of an impurity molecule, f the
vibrational frequency of an impurity particle of mass m in the adsorbed
state, W~.-, and f11k, are, respectively, the energies of a free and an impurityoccupied kink. Chernov estimates Ws + W~.-, + W~.-, .__ 40 kJ fmole, f .__
3.1012 s- 1 , so that (_ ---10~a. Thus an impurity concentratwn of ,.._ 10 - 3 \\·ill
increase the distance between impurity-free kinks by a substantial factor.
The energy term (
+ Wkl - W~.-,) will normally depend on the orientation
of the step and the resulting anisotropy of .Y 1 will cause a corresponding
anisotropy in the rate of advance of the steps. This would explain polygonization of the growth steps m the presence of impurities which ,,-as
discussed in Section 4.12. A qualitative confirmation of Chernov's t\\-o
effects of impurities as mentioned above was given by Slavnova (1958).
The effect of kink poisoning can be included in the BCF theory by
introducing into Eqn (4.41) an additional factor C. to allow for the relatively
!arge separation between kinks in a step. The magnitude of this effect has
been calculated by Chernov (1962), who found that it increased the non-

w,
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linear rcgion nf thc 'i'(IJ) ,·a riation as weil as Jccrcasing th c absolute ,·alue
of v comparcd tothat forapure system.
Sears (195~) also considercd thc poisoning of kink sitcs in a stcp by
impurities. He proposed that the poisoning will only be effecti,·e if the
impurity coYers the whole step, otherwisc ne,,· kinks are continuously
generated by statistical fluctuations. Quantitati,·e calculations are not
presented but Sears also discusses the etfects of poisons on the nucleation
rate and on the spiral shape. In the example considered, potassium
chloride, the growth behaviour is changed by only a few parts per million
of Iead chloride.
The etfect of !arge impurity particles is to retard the growth of layers at
the points of contact with the particles while these are captured into the
steps. This step pinning was considered also by Cabrera and Vermilyea
( 1958). The condition for the step to re-form on the other siele of the
impurity particle is fulfilled when the separation between particles is
greater than 2r*, where r* is the raclius of a critical nucleus. Cabrera ancl
\'crmilyea asstune that the rate of advance 7'.- 1 of thc stcps is gi,·en by

(5.R)
whcrc 7· .~ is thc step vclocity in the absence of irnpurities and d thc clensity
of impurities on a two-dimensional lattice. If new impurity particles are
flowing towards the step at a rate J, then, just ahead of a step mO\·ing "·ith
a Yeiocity 7·, ~> with step density 1/)' 0 ,
(5 .9)
Combining (5.8) and (5.9) gives an equation in 7·~1 which has a solution
only if 2r*(J; y" j7· " ) 112 < 0.54. Thus the steps will flow only if
'C "_/)' 0

> 14r*'J;.

(5.10)
2

For small a, 7' oc fYorx v (the linear growth rate) rx a [Eqn (4.43)] ancl r* rx 1/a
[Eqn (4.25)] and so growth will only occur if the supersaturation exceeds a
minimum value given by
a~nin J,: = constant.

(5.11)

For high supersaturations where '1.' rxa, this relation shoulcl be replacecl by
a;;,; 11 J.: = constant.

(5.12)

The latter relation was confirmecl experirnentally by the studies of Price,
Vermilyea and vVebb ( 1958) on the electrolytic growth of siker " ·hiskers
in the presence of gelatine. Step pinning on sucrose crystals by raffinose
impurities has been measured by Albon and Dunning (1962). As in the
theory of Cabrera and Vermilyea, the results are interpreted by assuming
II
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that pinning occurs when the distance between two impurity molecules in a
step is less than Zr*.
Burrill ( 1972) has proposed a model based on the reduction in the area
of crystal face available for adsorption of solute molecules due to the
presence of impurity.
Mullin et al. (1970) considered that a mechanism of physical blocking of
sites on the crystal surface is an oversimplification, and that impurity ions
in the vicinity of the surface will retard growth by their interaction with the
solvent even if they are not adsorbed on the crystal surface. The presence
of impurities may reduce the effective supersaturation by a "dilution",
retard diffusion, hinder aggregation of growth units and so a detailed
description of their effect is likely tobe highly complex.
vVhatever the detail of the atomic or kinetic mechanism, impurities will
clearly cause habit modification by the varying degree with which they
inhibit growth on different faces. However, in some exceptional cases an
increase in the growth rate of crystal faces due to impurities has bccn
observed. Such an increase may be caused by a decrease in the surfacc
cncrgy which reduces the size of the critical nucleus. It is likdy to occur
when th e increased surface nucleation rate more than compcnsatcs for thc
clecrease in stcp velocity (Sears, 1958).
The cffcct of impurity addition is often highly beneficial to the quality
of the crystals. For example, Egli and Zerfoss (1949) have pointed out that
NaC l is difficult to grow from a pure aqueous solution because the Supersaturation for the onset of nucleation is small. lf Pb 2+ ions are added,
crystals grow very easily because the critical supersaturation for nucleation
is increased and so growth can proceed at much higher supersaturations
than in the pure solution. Egli and Zerfoss also noted that the impuritics
may not enter the lattice. High-quality ammonium dihydrogen phosphate
crystals were grown from a solution containing 0.1 % Fe at a rate ten timcs
that in a pure solution, but iron could not be detected in the crystals.
Wanklyn (1974) listed the cases where the presence of impurities in
crystal growth from high-temperature solutions was observed to haw a
beneficial effect.
As mentioned in the introduction to this chapter, impurities may causc
the appearance of faces which are not observed in pure solutions. Hartman
(1969) has proposed that certain impurities will cause faces which are
normally rough to become flat, due to adsorption of a layer of impurities
over the face. This effect is illustrated in Fig. 5.6. Lateral growth is
possible only at steps and the growth process is thus similar to that of a
normal F face. The epitaxiallayer of impurities effectively imposes its own
PBC's on the face. The example discussed by Hartman isthat of Hg(CN)~
grown from m ethyl alcohol (Ledesert and Monier, 1965). Crystals grown
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from this solvent exhibit {211} faces, \Yhich do not appear in growth by
other methods and which are not F faces. This morphology is ascribed to
the formation of an adsorption layer of Cl-1:101-1 molecules which give an
arrangcment resembling the flat {100} faces of the complex compound
Hg(CNhCHaOH. The effect is of course due to the solvent itself and not
to an impurity in this example, but the explanation could be extended to a
number of impurity-dependent habit changes. Howner, for ob,·ious
reasons, it is extremely difficult experimentally and theoretically to describe
the actual kinetic processes of the roJe of impurities in habit control.

5.5. Habit Changes in HTS Growth
The Iiterature on the habit of crystals grown from HTS is too extensive
for a detailed discussion on all materials. Examples of substances which
have been investigated systematically or by several investigators will
therefore be discussed. The examples described be]O\,. illustrate the
principles outlined in the previous sections, but somc part of the interpretation is still speculative. An extensive tabulation of crystal habits and habit
changes in flux growth has been given by ' '\"anklyn (1974), and the influence
of so]yent and impurities on the habit of semiconductor crystals has becn
reported by Faustet al. ( 1968).
5.5.1. Aluminiumoxide Al 2 0 3

Extensive investigations of alumina, with and "·ithout the addition of
Cra · to form ruby, have been made because of its application in many
fields and its interesting properties. According to Timofeeva and Lukyanova ( 1967), the faces which are found on crystals grown from Pb F 2 and
from PbO jPbF "/B 20 3 solutions are listed in Table 5.2, tagether with their
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TABLE

5.2. Relative Growth Rates of the Most Common Faces of
Alumina (after Timofeeva and Lukyanova, 196 7)

Face

Terminology

Estimated relative
growth rates

{001}
{101}
{0 12}
{223}
{110}

Pinacoid
Main rhombohedron
Small rhombohedron
Hexagonal bipyramid
Prism

I
10
6

8
20

approximate relative growth rates. Since the {001} face has the slowest
grO\vth rate, alumina crystals tend to grow with a plate-like habit with the
more rapid growth perpendicular to the c axis . Timofeeva and Lukyanova
also examined the structure of the faces of thcir crystals by optical microscopy. They found growth steps on the faces of the three slowest growing
faces, and low-angle boundaries on the {101} and {110} faces. No other
faces appear to have been seen on Al 2 0a crystals grown by other workers
except by White and Brightwell ( 1965) who observed {00 1} , {0 12}, {104},
{113} and {125} faces (all hexagonally indexed). Of these the latter three
are different from those in Table 5.2 and seem tobe transient faces . \Vhite
and Bright\\·ell also mentioned an interesting habit change due to the
influence of temperature. Below 1250°C, {001} plates with minor {012} and
{104} were predominant, whereas at higher temperatures more equant and
inclusion-free crystals with {001} and !arger {012} faces were grown. The
latter crystals were almost free from the multiple twinning effects observed
in the "low-temperature" thin plates. Therefore the presence of twins
seems to account for preferred nucleation sites and growth perpendicular
to the r axis. This was confirmed later by Wallace and \\"hite (1967) ,,-ho
cxamined se\·eral plate-like crystals using X-ray diffraction topography.
The twinning consists of a 180° rotation in the basal plane.
Linares (1965) found that his plate-like crystals were bounded only by
{001} and {223} faces . He also reported that the {110} is the fastest
growing face and gave the ratio of the growth rates of {223} and {001:
faces as 100: 1. The tendency of crystals to grow asthin plates is reduccd
when growth occurs on the walls of the crucible, weil below the surface of
the melt. The enhancement of growth in the direction of (001) was
attributed to conduction of heat of crystallization through the crucibk
walls, which favournl growth of {001: until the {223: faces becanw
sufficiently established to provide an appreciable area for the dissipation
of heat. lncreasing the cooling rate from about 0.5 °C per hour to 1-5 °C per
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h1111r was rcpnrt r d tn Lt\'!IUr thr fnrmatiun 11f llliiiT Cljllidimcnsional
crystak
Nelson and Remeika ( 1lJ64) had also found a t<.:nckncy fur crystal platt.:s to
grow near thc surface and for more equidimensional crystals ,,·ith fewer
defects to gro,,· near the bottom of the solution. Further confirmation is
obtained from thc work of Adams, Nielsen and Story (1966) who imposed a
steep temperature gradient on their cruciblc in order to encourage growth
near the base. I zvekov et al. (1968) confirmed the observation mentioned
above that Al 2 0a crystals grown at high temperatures (here abovc 1135 °C)
have a more equidimensional habit and attributed this etfect to increased
surface roughness at higher temperatures. The same tendency was found
by Champion (1969), who compared the habit of crystals grown by slow
cooling, evaporation and gradient transport from Iead flouride. Changing
the method of growth had little etfect apart from the trcnd to11·ards
thicker crystals at higher temperatures.
Janowski et al. ( 1965) and Chase (1966) found that the acldition of
La~Oa to alumina growing from a PbF 2 -Bi~Oa solvent greatly rccluced the
incidencc of plate-like crystals. lts ctfcct is to slow down the gro11·th r:1te of
{101} ancl {102} faces so that these become predominant rather than
{001}. The {101: faces are dominant at 0.1 - 0.2 % La 2 Ü:l> and {012} at
about 1° ~ . An increase of the impurity beyond 1.5°10 results in thc appearance of irregular {110} faces andin deterioration in quality of the crystals.
La 3 " ions are found to cnter the crystal in concentrations up to 0.9 °~ . It is
concluded by Chase (1966) that La 2 • is incorporated into the lattice.
Howe\'er, the incorporation of such a high concentration of the !arge La 3 t·
ion should shift the lattice constants by 0.01 to 0.03 A, and it is a pity that
this was not determined. I t seems moreprobable that a !arge fraction of the
I ,a 3 " and F - ions was incorporated as flux inclusions. These can be wry
tiny and undetectable by the unaided eye, as was demonstrated by Linares
( 1965). Lanthan um additions probably act by slowing down the rate of
step motion on {101} and on {012} faces but are rejected at steps on the
former facc and enter the lattice at steps or othe1 sites in the i<1tter. Crystals
of high optical quality were grown with 0.5 °~ La 2 0a concentration in the
solution.
Similar observations have been made by Scheel and Eh1ell (1973) during
a systematic study of conditions for growth of GdAI0 3 and LaAIOa. In
Fig. 5.7. a t1vin of alumina with the twin plane (101) and with typical reentrants, as grown from a solution of equal amounts (by weight) of Gd 2 Üa
and Al 2 0 3 in PbO- PbF 2-B 2 0,1 flux, is shown .
Some typical habits of Al 20a are shown in Fig. 5.8.i, and the corresponcling indexed drawings in Fig. 5.8.ii. In addition to the abovc-mentioned
habits of {001} plates and combinations of {001} with {221}, a steep
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F1c . 3.7. Twinned alumin a crys tal with re -cntrants (Scheel and E lwell , 1973).

py ram id g ro \m from a La 2 0 3 -containing so luti on a nd a t ypi ca l natura l
c rystal \\·ith d o minant {11 0} and {00 1} faces a re shown . Th e latt er h ab it is
fr eq uentl y found in m etamo rphi c rocks o r sedim ents, a nd oft en ba rrel-lik e
corundum c rysta ls w ith dominaring {221 } a nd min o r {001 } faces a rc
fo und in nature. T he crystal proj ecti o ns of Fi g . 5.8.ii \\·crc d ra\\"11 by
comp ute r \\·ith a program o f Keeste r ( 1972).
C hase and Osme r ( 1970) attempted to co rrelate morphol og ica l changcs
\Yi th th e co mpos iti on o f th e so lYe nt. S in ce most cryst a ls had been g ro\\ n
from P bF~ o r mi:-.:turcs of PbF 2 \\·ith oth e r sa lts, th ey in H·sti ga ted thc
g ro\\"t h h ab it in so h ·e nts of diHe rent co mpositi ons in thc system s PbF 2 - PbO
and Pb F ~- \l o0, 1 . Fl at plates \\·ere found in so lution s ri ch in PbF~. a nd
c ryst als tcnd ed to beco m e mo re rh ombo hed ra l as th e o:-.: idc content in the
so h-ent \\·as in c reased abo\·e 50 mal e 0 0 . Chem ica l a n alys is re\·ea led thc
presencc of Pb 2 · and F - io ns in th e platy c ryst als . T he habit \\·as beli e\-e d
tobe related to th e prese nce of :\lFg- ions in th e m elt. F - io nse ntering th e
c rystal cnh a nce th e adsorption of Pb 2 - and so slo w d ü \\·n th e g rO\\"t h rate,
espec iall y of th e {001} face \\·hi ch a k ays g rows b y th e latera l propaga ti o n
of g row th layers.
Yano\·skii et al. ( 1970) showed that altern ative solvents ca n b e found fo r
th e gro\\"t h of no n plate-lik e alumin a crystal s. Th ey uscd \·a ri ous alk ali and
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FH ;. 5.8. H abi ts of alumina crys ta ls . (i) .-\ c tu al crys ta ls, (ii) corrc.:sp onJ in g
computer gra phs: (a) h exago nal pl a te {00 1} / {111 }. (b) hexago n a l pri sm {11 0} /
{00 1}, (c) pvramid {223 }, (d) t ypi ca l isome t ric .-\1 ,0 3 cr ystal with {00 1} and {10 1}.
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alkaline-earth tungstates and found that the crystals grew with a bipyramidal habit with only {223} faces, occasionally modified by small {101}
facets. The dominance of the {223} faces was attributed to adsorption of a
layer of tungstate ions on this face, which is the most favourable for
epitaxial adsorption of W0,1 tetrahedron chains. Addition of cryolite,
Na 3 AlF 6 , to a sodium tungstate solvent resulted in the reappearance of
{001} faces so that the crystals were again of plate-like habit. Thick plates
with {001} and {012} faces were grown from pure cryolite by Arlett et al.
(1967).
The influence of the growth mechanism, impurities, type of solvent, and
temperature on the Al 2 0 3 habit is not yet clearly understood. However, the
twin growth mechanism of White and Brightwell seems to provide a
plausible explanation of the platy habit. In this connection it should be
mentioned that other growth mechanisms have been deduced from surface
features. Although Wallace and White (1967) did not find growth spirals on
a (001) plane of an alumina plate, Sunagawa (1967) observed hillocks,
apparently originating from screw dislocations, on the same plane. This
indicates that alumina platcs oftcn grow rapidly pc.:rpenJicular to the
c axis by the twin-plane reentrant-edge mechanism (see Sections 5.3 and
4.14) and slowly along (001) by a screw-dislocation mechanism.
The habit changes of alumina were discussed in detail since here is a
vcry good cxample of the effect of thc various parameters. Also it "'·as
demonstrated how by proper choice of solvent, dopant, supersaturation
and growth tcmperatur e, Al 2 0 3 crystals which are untwinned, free from
inclusions, of equidimensional shape and low in impurity content, can bc
obtained from flux .
5.5.2. Barium titanate BaTiOa
The perovskite-type compound barium titanate is one of the most interesting ferroelectric compounds and has been studied in great detail. I ts
study was particularly stimulated when Blattner, Känzig, Matthias and
Merz in 1947, 1949 and Remeika in 1954 grew the first crystals suitable for
physical measuremcnts. Of the Yarious phase transitions, that occurring at
1460°C from the high-temperature hexagonal to the cubic form is cf
particular importance to the crystal grower, since crystals should be grown
below this temperature. The tetragonal ferroelectric phase has a Curie
temperature of 120-130°C .
The dominating habits of BaTi0 3 crystals grown from \·arious soln~nts
are the pseudo-cube with {100} faces and the so-called butterfiy twin. The
latter is preferred for physical studies and is schematically shown in
Fig. 5.9. These typically twinned BaTi0 3 crystals were first grown to a considerable size by Remeika (1954) using potassium fluoride as solvent. The
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F1c. ).'). Butterfly t\\'in of harium titanate (after i\iielscn r/ al., 1962).

crystallographic features of the twin \\WC describecl by White ( 1955) ancl by
Curien ancl LeCorre (1955) ..\11 faces are {100} ancl the twin plane is (111).
Small clifferences are reportecl in the Iiterature for the value of the angle
between the "wings", but it is always 39° within a few minutes.
The conditions necessary for the formation of butterfly twins have been
stucliecl by De \' ries ( 1959) ancl by De Vries and Sears ( 1961 ), ancl have
been summarizecl by Nielsen, Linares ancl Koonce (1962). The presence of
cxcess BaTi0 3 powcler at the onset of growth is most important, otherwise
cubes are formecl. Nielsen et al. founcl that the yield of twins depended
strongly on the size of the undissolved particles and concluded that growth
originated on particles of micron dimensions. The nuclei for twin formation
must have {111 } faces exposed and may be twinned themselves.
A high Supersaturation is also necessary for the growth of the butterfly
twins. Timofeeva ( 1959) found that t\vins formed on cooling a solution of
BaTi0 3 in BaCI 2 at 20°C jh, but that more equidimensional crystals grew
when the cooling rate was 4°Cjh. Sasaki (1964) reported that the rapid
lateral growth occurred mainly at temperatures above 1000°C, and that it
was difficult to grow butterfly twins below this temperature. Sasaki and
Kurokawa (1965) observed that the yield of butterfly twins depended on the
temperature gradient across the crucible and that the yield was highest with
the temperaturehigher at the base of the crucible.
Since it is difficult to control the concentration and size distribution of
H2
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undissolved particles remaining in a solution after the initial soak period,
the size and yield of butterfly twins are sensitive to minor changes in
experimental procedure and to the nature of the barium titanate powder.
Impurities insmall concentrations have relatively little effect (Nielsen et al.,
1962; De Vries, 1959; Sholokhovich et al., 1968) except for lanthanum
oxide which is very effective in reducing the yield of twins. De Vries (1959)
noted the BaTi0 3 faces which developed under various growth conditions
(BaTi0 3-KF ratio, soak temperature, cooling rate) and also occasionally
observed hexagonal BaTi0 3 crystals which seem tobe stabilized by replacement of Pt 4 + , Zr 4 + , Au3+ or Fe 4 + for Ti4+. Hexagonal plates of composition
BaTi 0 •75 Pt0 . 25 0 3 were obtained by Blattner et al. (1947, 1949).
A completely different morphology is obtained by the method used by
Linz et al. (von Hippe! et al., 1963; Belruss et al., 1971) in which BaTi0:1
crystals are pulled from a melt containing excess Ti0 2 (see Section 7.2.7).
Growth on a seed occurs at temperatures bet\veen 1396° and 1335°C at a
rate of about 0.25 mm jh. The preferred orientation of the seed crystal is
[110]. Figure 5.10 shows a typical habit of a BaTi0 3 crystal grown by this

F1c. 5.1 0. Habit and reentrants (R) of BaTi0 3 grown by top-seeded solutiongrowth technique, growth direction {111} (von Hippe! et al., 1963).

top-seeded solution-growth technique. The fully grown crystals exhibit
mainly {210}, {100} and {111} faces, with {210} being the most developed .
The crystals also display reentrants (indicated by R) which are reminiscent of the (111) twinning in the butterfly twins, but are due to alternating
(210) and (120) faces.
Attempts to grow butterfly twins of other perovskites such as CaTi0 3 ,
SrTi0 3 and PbTi0 3 failed, and it was proposed that this fact could be
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correlated with the nonexistence of a hexagonal phase at high temperaturcs
(Nielsen et al., 1962).
5.5.3. Berylliumoxide BeO

Detailed studies of the grO\vth of BeO from Iithium molybdate and other
solvents have been reported by Austerman (1964) and by Newkirk and
Smith (1965). As in the examples described previously, BeO shows a
rather complex set of habit changes which are influeneed by thc type of
solvent, impurities, temperature and supersaturation. The etfcct of growth
temperature and of the solvent composition in the system Li)VIo0 1- Mo0a
on the habit is shown in Fig. 5.11. The prineipal habits are seen to be
plates, prisms and pyramids, often showing the {101} pyramid face which
is seen on most crystals. The prismatic and plate crystals are bounded by
{101}, {100} and generally by the (OOT) basal plane which by definition
is the oxygen side of the polar BeO structure.
Tempereture et crucible bese ( 6T - 30°C)

Pieteleis

Pieteleis
end prisms

Prisms

Prisms end
pyremids

Pyremids

20

40

60

80

100

wt. % Mo0 3 in Li 2 Me04 - Mo0 3
Frc. 5.11. Habits of BeO as a function of growth temperature and ftux composition (after Austerman, 1964 ).
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Many crystals seem to exhibit twinning, a common form being indicated by a core of reverse polarity running through a prismatic crystal.
This core terminates in a small pyramid, bounded by {101} and {001}
faces, which projects from the centre of the (OOT) face. Austerman suggests
that the twinning is a discontinuity in the beryllium layers, with the oxygen
layers continuing across the twin boundary. This twinning mechanism is
shown in Fig. 5.12. The energy to form a twin is presumably very small,
and the prevalence of twins is pcrhaps responsible for the !arge variety of
growth forms.

I

t
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oo ~eo•o•o•o
• • • e'-V
oo oor4>•o•o•o•o
••••••••
o.o.o.o.q>oo
oo
!

c oxis

Twin plane
•

0
FIG.

Beryllium
Oxygen

5.12. Twinning mechanism in 13e0 (schematic).

The number of crystal forms may be further increased by the addition
of impurities. Austerman (1964) has noted a dozen or so different faces,
and mentions in particular {111}, {102}, {20T}, {121} and {11T} in
addition to the more common faces mentioned above. His paper givcs
drawings of nineteen different habits obserYed after adding phosphate,
borate or silicate to the Iithium molybdate ftux or after replacing Iithium by
potassium. Less regular crystals were due to asymmetric twinning. Newkirk
and Smith (1965) also found that borates, silicates and phosphates have thc
most marked effect on morphology. The addition of phosphate seems to
reduce twinning and to improve the crystal quality, whereas Austerman
(1965) devoted a paper to the detrimental effect of silica impurities.
Linares (1967) has grown BeO crystals from sodium borate A.uxes in
which the solubility is much higher than in the alkali molybdates.
Prismatic crystals are formed in NaBO~ and rod-shaped crystals in
NatB.10, when cooling rates of 1- 5°C /h are used. On increasing thl·
cooling rate to 25 °C jh, hollow rods crystallize, and whiskers may he
grown when a cooling rate of 100°Cjh is applied.
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Newkirk pf al. (JlJ67) hoped to find thc actual grnwth mechanism by a
careful ckctron-microscopc ~tud y of thc fcaturc~ . Flat conc~ (growth
hillocks) were detccted on thc singular (001) face, and the height of the
spreading layers was assumed to be below 250 A, the resolution of the
replica technique used. However, the twin boundary evidently showed a
multifacetted structure and therefore affered a much !arger numbe1 of
reentrant sites. The (UOT) face has vicinal character and appeared highly
convoluted near the twin boundary where the lateral motion and traffic
of growth steps was greatest. Farther from the boundary, convolutions
became more widely spaced as growth layers annihilated and reinforced
one another. Thus, as in the growth of the twinned alumina plates
described above, a combined twin reentrant-edge and screw-dislocation
mechanism can be assumed to be the growth mechanism for the majority
of the flux-grO\m BeO crystals.
5.5.4. Cerium oxide Ce0 2 and thorium oxide Th0 2

Ceria and thoria are highly refractory materials both of which have the
cubic fluoritc structurc. Thcy ha\-c bccn grown from high-tcmpcraturc
~olutions as crystals with similar habits and are included herc to illustrate
the fact that similar considerations can be applied to related groups of
materials, although significant differences are often observed between
members of a group.
Crystals of Ce0 2 were probably first synthesized from high-temperature
solution by Nordenskiöld (1860, 1861) whose crystals from borax solution
showed a combination of {100} with {111} faces, rarely with minor {110}.
These observations were confirmed by Grandeau ( 1886) and by Sterba
(1901) who observed the same habit in Ce0 2 crystals grown from NaCI,
borax, and K 2 SO~ solutions.
Finch and Clark (1966) reported that crystals grown from Li 2 0 - \,V 0,1
solvents had an octahedral habit. Linares (1967), in a systematic study of
the effect of different solvents on the habit and quality of Ce0 2 crystals,
obtained octahedra from Na 2 0-B 2 0 3 solvents with Na /B ~ 1.0 and from
Li 2 0-B 2 0 3-Mo0 3 with Mo/ B~l.O. The PbO- PbF 2- B 2 0 3 solvents
always gave Ce0 2 cubes, which are usually characterized by !arge regions
of lamellae with flux inclusions between these lamellae. Despite the higher
solubility of Ce0 2 in PbO--PbF 2 solvents, the crystallization of inclusionfree Ce0 2 crystals seems to necessitate the use of fluxes based on molybdates
or alkali borates. Ce0 2 grown by Wanklyn (1969) from various PbF 2 -based
solvents showed mainly {100} faces, as was also described by Zoon and
Joffe (1969), who obtained cubes from a 10 PbF 2 : 1 PbO solvent.
According to Linares (1967) crystals of thoria and of ceria grown from
various so!Yent compositions resemble each other as regards habit. The
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tendency of thoria to form a cubic shape was stronger than with ceria but
fewer inclusions were observed in thoria. Finch and Clark ( 1965) found that
the addition of about 1% B20 3 to a Li 20 - W0 3 flux had a beneficial effect
on the solubility and the growth behaviour. They do not discuss the
morphology but show a crystal which appears to be mainly octahedral in
shape. Chase and Osmer (1967) obtained inclusion-free thoria cubes from
Bi 20 3 - PbF 2 and from PbF 2 solvents; good quality was obtained particularly
by the gradient transport technique. Scheel (unpublished) has confirmed
the observations of Linares (1967) and found no influence of small U-,
Sb- and Bi-additions on the habit. However, from a flux containing
73 % PbF 2 , 21 % Sb 2 Ü:~o 3% NaF and 3% B2 0 3 , yellow octahedral thoria
crystals were formed together with black octahedra having the pyrochlore
structure.
5.5.5. Yttrium garnets Y3 AI 5 0 12 , Y3 Ga 5 Ü 12 • YaFe 5 Ü 12
Since the discovery of the ferrimagnetic yttrium iron garnet (YIG) by
Bertaut and Forrat (1956) and by Geilerand Gilleo (1957), the interest in
the garnets of yttrium and the rare earths has grown very rapidly, resulting
in widespread activity on the crystal growth of these compounds. The
structure of the rare-earth garnets is similar to that of natural silicatc
garnets. The cubic unit cell with a lattice constant of the order of 12 A
contains eight formula units. The rare-earth ions occupy irregular dodecahedral sites, the smaller Al 3 + , Ga 3 , Fe 3 + , etc. ions being distributed on
octahedral and tetrahedral sites. An extensive review of the crystal
chemistry of garnets has been published by Geiler (1967).
I t is normally found that {11 0} and {211 } faces are dominant on fluxgrown crystals. The {100} habit reported by Timofeeva (1959, 1960) has
not been confirmed since, and the crystals shown were possibly orthaferrite
pseudo-cubes or hematite rhombohedra, as were found among the
crystallization products of Titova (1962) . However, Timofeeva (1971)
claimed that garnets usually show {100} and {111} after spontaneaus
nucleation and only later develop the slowly growing {11 0} and {211}
faces, especially in viscous solutions. Nielsen and Dearborn (1958) found
that {110} faces of YI G were dominant -..vhen the crystals were grown
slowly and that {211} became the most important faces when the cooling
rate was increased to 5°/h.
Drawings of garnet habits prepared by computer (Keester, 1972) are
shown in Fig. 5.13. Rhombendodecahedral faces {110} (a), ikositetrahedral
faces {211} (b), and combinations of {110} with {211} (c) and of {110},
{211} and the rare {321} faces are the dominant garnet habits.
Lefever et al. (1961) showed that, for YIG, the ( 100) are the directions
of rapid dendritic growth following nucleation. The ( 111) are also
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Fic;.5.13 . Computer drawings of the garnet habits. (a) {100}, (h) {211},
(c) {110} · {211}, and (d) {110} .,. {211} ~- {321}.

rapid growth directions, but not so rapid as ( 100 ). Lefever and Chase

( 1962) examined the surface features of the {11 0} and {211} faces, which
showed growth steps spreading from hillocks and which appeared to grow
by a screw-dislocation mechanism. Gendelev (1963) proposed that the
relative dominance of {11 0} and {211} faces depends mainly on the ratio
of Y2 Üa to Fel0 3 in the layer of solution adjacent to the growing crystals.
In the (110) plane, the ratio of YJ + to Fe 3 + ions is 0.33 : 1, while in the (211)
plane it is 0.60 : 1. A high Y 3 + : Fe 3 1 ratio in the melt might thereforc
increase thc relative growth rate of the {211}, and so the {110} would
become more dominant. Similarly an increase in the fe 3+ concentration
would favour dominance of the {211} faces. The dominance of {211} on
crystals grown at higher cooling rates is explained by the lower solubility
of Y20 3 and the lower mobility in the solution of the relatively !arge YJ+
ions. Gendelev discusses the influence of the direction of conYectivc
solution flow on the morphology, {211} faces dominating on one half of a
crystal in which the Supersaturation was believed tobe highest, and {110}
on the opposite side of the same crystal where the solute flow and hence the
supersaturation were lower. He concludes that the quality of the YIG
crystals depends directly on the dominance of the {11 0} faces, since these
appear to be the slowest growing faces under conditions of low super-
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saturation and adequate supply of both Y 3 + and fe 3+ ions. However,
Tatarskii (1964) criticizes the explanation of the habit changes of YIG in
terms of local differences in concentration.
Large crystals of YIG and of YIG-YGaG solid solutions grown by
Scheel (unpublished) under the stirring action of the accelerated crucible
rotation technique (Scheel, 1972) exhibit a dominance of the {110} faces
and are free from flux inclusions. The !arge YIG crystals grown at the
crucible base by Grodkiewicz et al. (1967) are dominated by {110} faces,
but the crystals contain !arge regions with flux inclusions.
The morphology of yttrium alumini um garnet (Y AG) is discussed by
Gendelev and Titova (1968). Crystals of this substance grown from leadbased solvents are normally bounded only by {110} faces. The {211}
faces, which appear only occasionally, must therefore have a relatively
rapid growth rate. The development of {211} can be increased, as in the
case of YIG, by high cooling rates, but crystals with dominant {211 }
faces usually contain a high concentration of inclusions.
Chase and Osmer ( 1969) found that Y AG crystals grown at the bottom
of the cruciblc ha\"C a pure {110} habit but those gro\vn on thc melt surface showadditional {211} faces . Yttrium gallium garnet (YGaG) crystals
have the {211} faces more strongly developed, and grow with a pure {211}
habit from a melt rich in Y 2 Ü,1 or Pbü. The {110} faces are present when
growth occurs in a melt rich in Ga 2 Ü:~ or PbF 2 • YAG \\·as found to exhibit
a similar dependence on flux composition, growing with a pure {110} habit
from a melt rich in PbF 2 or Al 20a, and with {110} modi.fied by {211} in a
Pbü or Y 20 3 rich melt. The crystals grown from a melt rich in PbF 2 and
Al 2 Ü 3 or Ga 2 Ü 3 have much more incorporated Iead impurity than those
grown from a melt rich in PbF 2 or Y 2 0 3 • This suggests that the Iead,
replacing yttrium in the garnet structure, changes the relative surface
energies of the {110} and {211} faces, and so retards the relatiYe growth
rate of {110}. This tendency is contrary to Gendelev's explanation for
YIG and some explanation other than the relatiYe concentration of Y 3 - in
the two types of face must be considered . Chase and Osmer ( 1969)
propose that the habit is mainly governcd by thc formation of a complex
between PbF 2 and yttrium ions and that this cornplex modifies the
behaviour of the surface diffusion or growth step propagation in some way
leading to incorporation of th e complex. This suggestion has not b een
substantiated by further e\·idence, and sytematic studies of the growth
habit of garnets from other solvents have not been performed.
The habit of the yttrium garnets seems to be insensitive to the addition
of impurities to the solution. Various substitutions have been made in
these materials and the habit remains dominated by {110} and {211},
although {321} and other faces have been observed on naturally occurring
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silicate garnets. Howe\er, \\'olfe et al. (1971) and van der Zielet al. (1971)
described a facet-related site selectiz·ity for rare-earth ions in Y AG. It is
probable that such site prefcrence accounts for the facet-related anisotropy
in magnetic garnets as indicatcd by Ca IIen ( 1971) and by Bobeck et al.
( 1971 ). These noncubic magnetic properties, introduced du ring growth,
and therefore the habit and the growth direction in liquid phase epitaxial
growth of garnets are of considerable importance in the development of
magnetic bubble clomain de,·ices for logic and memory applications.
5.5.6. Zinc sulphide ZnS and cadmium sulphide CdS

Cubic and hexagonal polymorphs of zinc sulphide (zincblende and
wurtzite) haYe been grown from high-temperature solutions. The cubichexagonal transition region at about 1020°C and its relationship to crystal
habit in ZnS crystals grown by sublimationwas studied by Hartmann (1966),
As listed in Table 5.3, cubic zinc sulphide crystallizes from flux as
tetrahedra, octahedra and plates, whereas the hexagonal ZnS grows as
prisms ancl plates. Linares ( 1968) found cubic {111} plates when PbC1 2
~olutions of ZnS \\'Cl'l' cookd rather quickly (5 ° to 10° per hour), whereas
at cooling rates of 1°C / h octahedral ZnS crystals were formed. Mita (1962)
tried a numbcr of compouncls as solvents for flux growth of zinc sulphide.
He obtained crystals only from NaCl, KCl, NaBr, Nal, Kl and CaCI 2 ,
,,-hereas from ZnCl 2 , K 2 S and other salts no visible crystals were obtained,
contrary to crystal-growth experiments of Parker and Pinne II ( 1968). Mita
found that crystal size is closely related to the solubility of ZnS in the
,·arious solvents, and obserYed needles (hexagonal prisms {100} with
pyramidal end faces {101 }) in all solvents at crystallization temperatures
of approximately 1050°C and, in addition, {001} plates of the hexagonal
zinc sulphide grown from Na CI and KCI fluxes.
Parker and Pinnell (1968) reported systematic experiments intended to
optimize thc conditions for growth of cubic ZnS. They used a horizontal
graclient transport technique and pure KCI as well as mixtures of KCI with
ZnCl 2 and K I with ZnCI 2 , CdCl 2 and PbC1 2 in order to obtain clear
crystals up to 1 cm in size. \Vith potassium chloride as solvent, dendritic
platelets \\ere formed at temperatures below 800°C, thin platelets from
80U- 830°C and thicker platelets at temperatures above 830°C. However,
the crystals grown from KCI were small ( ,...,_, 1 mm.). From mixed solvents
(e.g. 20° 6 KI, 80 ~ 0 ZnC1 2 , t = 845 °C, L1T=2°) clear, !arge and more
equidimensional crystals were obtained. Theseobservations were attributed
to complex formation in the solution.
Scheel (1974) obtained colourless tetrahedra and hollow crystals of
cubic zinc sulphide by cooling sodium polysulphide solutions of ZnS.
Only the hexagonal \mrtzite-type modification of CdS was obtained by
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TABLE

5.3. Observed Habit Changes in Flux-grown ZnS and CdS
Habit

Size (mm)
I

X

I

I

I

X

I "I

X

Tetrahcdra

Cubic
ZnS

Octahedra

3

X

3

X

5

X

I

10

X

I

5

X

0.1

X

I

Prisms {100}

Plates {00 1}

Parker and Pinne II
(1968)
Doelter ( 1890, 1894)
Scheel(l974)

St. Claire-Deville
CaF 2 + BaS + Zn SO,
NaC I, KCI, 1070-1200°-•
and Troost (1861)
900-950°C
Mita(l962)
Mita (1962)
NaB r. Na l. KI. CaC I,,
1050°C, 5°/ hr
K 2S

5 " 0.2

NaC I, KCI
CaF, + BaS + CdO

Prisms {100}
with minor
{IOI } or {OO I }
15

Hexagonal
CdS

X

I

X

I

Prisms {I 00)
and pyramids
{101 }

Plates {001}
with minor
{100} or {101 }

10
5

X
X

Schneider (1873)
Linares (1968)

K 2 S, Na,S
l\llalur(l966)
Ba 2 ZnS 3 , 1300°, 1.2- /hr Mal ur (1966)
PbCI 2 , 5-10°/ hr
Linares (1968)
ZnCI 2-KI, 845 °, ,j T ~ 2o Parkerand Pinnell
(1968)

10

Hexagonal
ZnS

KCI, 850°

K,CO,
PbCI 2 , 1 o /hr

0.1
3

5

Rcfercnces

Na,S
Na,S- S, 500-600°

0.1-0.5
Platcs {III }

Solvent, cxp. conditions

10 >- 0.5
5 X 0.5

CdCI 2
600 '

~a,S-S,

Malur(1961>)
Mita (1962)
St. Claire-Deville
and Troost ( 1861)
Bidnaya et al . (1962)
Scheel (1974)

K,C0 3 + 8
Na,S-S , 500°, 5 at.
Na,S-K,S-S

Schüler (1853)
Scheel (1974)
Scheel (1974)

CdO + BaS -,- CaF,

St. Claire-De,·ille
and Troost (1861)
Schüler ( 1853)
Bidnaya et al . (1962)
Linares ( 1968)
Scheel ( 1974)

K 2 C0 3 + S + C
CdCI,, 800-900 ' C
PbCI,, 800°-.·SOO'C
Na,S- S, 750-800°- ·
400°

crystallization from high-temperature solutions. Cubic CdS prepared hy
precipitation from aqueous solutions (J ackson, 1969) seems to transform
to the hexagonal phase at about 310-370°C according to Hartmann (1966).
However, Cardona et al. (1965) described the epitaxial vapour deposition
of cubic CdS on the arsenic face of gallium arsenide at 710-730°C.
The morphology of hexagonal CdS grown from the vapour phase was
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(110)

(110)

F1c. 5.14. Computer drawings of the main habits of flux-grown CdS: (a) hexa gonal plates {001} / {11 0}, (h) and (c) prisms and pyramids.

studied in detail by Woods (1959), Bulakh (1969) and Kaidis (1969) . In
Hux-grown CdS, a similar variety of habit change has becn ubscrn.:d, as
rnay be secn from the Table 5.3 and Fig. 5.14. Linares (1968) and Bidnaya
et al. ( 1962) obtained {001} plates when crystallization from PbCI 2 and
CdCI 2 fluxes, respectively, started at relatively high temperatures, of the
order of 800°C. Scheel (1974) also obtained hexagonal plates when sodium
polysulphide was used as solvent at high temperatures, whereas at lower
temperatures, and with the addition of K 2 S to the Na 2 S-S flux, a prismatic
habit with pyramidal end faces is favoured. However, this temperature
relationship may not be significant, since the supersaturations are not
kno\vn.

5.6. Summary on Habit Changes
Only real habit modification, that is the appearance and the change in
relative importance of various types of faces on sound crystals, has been
discussed in this Chapter. Unusual growth forms such as dendrites,
hopper crystals, hollow crystals, whiskers, etc. will be discussed in the
next Chapter. The few typical examples chosen demoostrate the influence
of the various parameters on the habit. Information on other compounds
may be obtained from the original Iiterature listed in the table of flux-grown
crystals in Chapter 10. However, the phenomenon of habit change should
not be generalized. For instance, there are substances which do not change
their habit at all such as compounds of the spinel type which generally
grow as {111} octahedra.
It has been shown that habit, growth mechanism, incorporation of
inclusions and impurities, and growth conditions are closely interrelated.
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The study of the causes of habit modification is and will remain an interesting field for further research becausc, though not gencrally considered of
great importance, habit often plays a vital role in the growth of !arge highquality crystals and in their economical use. I t is therefore proposed that
crystal-growth publications should include observations on the morphology of flux-grown crystals for the benefit of futurc development in this
field.
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6.1. Stability of Growth

The aim of most crystal-growth experiments is to produce crystals which
are sufficiently !arge and perfcct for some measurement or application.
The crystal growcr is thereforc particularly concerned to establish, either
by trial and error or by the application of theoretical principles, the conditions under which such !arge and relatively perfect crystals may be produced.
Stahle growth of a crystal from solution may be defi.ned as growth
without the entrapment at any stage of soh·ent inclusions. Alternative
defi.nitions of stability are possible and growth-rate Auctuations will always
occur on some scale. Large Auctuations may facilitate inclusion formation
or compositional variations and are likely to have an adverse effect on the
crystal quality.
The problern which is normally considered in a theoretical approach to
the calculation of conditions for stable growth is that of morphological
stability, or whether a specifi.ed shape is stable against small perturbations.
This problem differs from the rclated question of whether a given shape
or habit is preserved as the crystal grows. Both aspects are of importance
and ,,·ill be discussed in this chapter. Re,·iews on morphological stability
have recently been published by Parker (1970) and by Chernov (1972).
Perturbation analyses and related studies are concerned with simple
shapes but have given a number of results which are of great relevance in
the design of experiments. The most important conclusions are that the
stability tends to decrease as the crystal increases in size, and the concept
of constitutional supercooling. Both these results of stability theory have
237
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heen appreeiated for some years hut their relation to experiments on hightemperature solution has reeeived eomparatively little attention and will
he stressed where possihle.
Partieular importanee is attaehed in this ehapter to the eoneept of a
maximum stahle growth rate and its dependenee on the growth eonditions.
Praetieal eonsiderations for the attainment of stahle growth will be diseussed in the later seetions of the ehapter.
6.1.1. Stability of the sphere and cylinder
Mullins and Sekerka (1963) used the perturbation method to examinc the
stability of a spherieal erystal with isotropie surfaee kineties growing in a
supersaturated medium. They eoncluded that the sphere is stable against
perturbations only if its radius is less than a value of 7r"', where r"' is the
radius of the eritieal nucleus. Forasupersaturation of 10% , the maximum
stable radius was ealculated to be of the order of 0.1 f-LID. Niehots and
Mullins ( 1965) and Coriell and Parker ( 1966) studied the effeet of surfaec
diffusion on the stability of a spherieal erystal and found that the maximum
stable radius is increascd by a largc factor. In thc cxamplc considcred by
N iehotsand Mullins, this factor was of the order of 100 so that sphercs
werc cstimated tobe stable to a radius of about I0- 3 em .
Cahn ( 1967) included the effect of interface kinetics and of an anisotropie
surfacc tension. He found that thc latter has no stabilizing cffect but this
result is not surprising for a sphere since thc anisotropy is not shapc presen•ing as it would be for a polyhedral erystal, and its main effeet will bc
to eause an anisotropy in the instability. The inclusion of interfaee kinetics
Ieads to an expression for the rate of inerease of radius of the sphcre given
by
dR F(n" ' - n, )
(6.1)
dt 1 + FpR fD
where Fis a kinetic eocfficicnt suchthat thc linear growth rate.,. = F(n, - 11,)
and the other symbols ha\·e bccn defincd preYiously.
For small erystals the term FpR fD may be neglectcd and the growth
rate beeomes F(n s,.- n,). Sinee the diffusion eoefficient D does not appear
in the expression for dRfdt, growth is said to be interfaee eontrolled. The
interfaee eoneentration in this ease is approximately the samc as in the bulk
solution and growth should bc stable sinee the coneentration gradient in
the solution is approximately zero. At high values of R thc increase of
radius is given by
dR D

dt = pR (n s,.- n,)

and the sphere beeomes unstable as shown by Mullins and Sekerka (1963).
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This treatment thereforc Ieads to the conclusion that the sphere will be
stable only up to a radius such that f..:pRf D-- I. For D = 10 - 5 cm 2 s - 1,
p = 5 g cm a and F = 10 - 4 cm - ~ s - 1 g - 1, thc maximum stablc radius is only
of the order of 0.02 cm. Coriell and Parker (1967) performed a similar but
more quantitative calculation for both linear and quadratic interface kinetics. In the cxample they quoted, of salol growing from aqueous solution,
kinetic control increases the maximum size for stable growth by a factor
3000, to a value of 0.5 cm.
The stability of a cylindrical crystal has been studied by Coriell and
Parker (1966) and is found to exhibit appro:ximately the same behaviour as
that predicted for the sphere. Surface diffusion was estimated to increase
the ma:ximum stable radius by a factor of about 40. Kotler and Tiller (1966)
included interface kinetics and found that the maximum radius is strongly
dependent on the undercooling and the kinetic coefficient.
The main conclusion to be drawn from these studies is that instability
tends to occur when the crystal reaches a critical size, which will be
increased by surface diffusion of solute and by interface kinetics. These
predictions must, however, be treated with great caution in thcir application to solution growth because of the strong tendency of crystals to
develop habit faces . As a result of this tendency, it has not been founcl
possible to study the stability of spherical or cylindrical crystals in solution,
as for ice crystals in water (Harcly ancl Coriell, 1968). Greater significance
must therefore be attachecl to studies of polyheclral crystals ancl of a
single plane interface, which is treatecl in greater detail in the following
section.

6.1.2. Stability of a plane interface
A. Constitutional supercooling jsupersaturation gradient. Perturbation treatments of the stability of a planar crystal surface growing in a cloped melt
wcre first given by Mullins and Sekerka (1964 ), Sekerka ( 1965) and
Voronkov ( 1965). When concluction of heat through the crystal is inclucl ed,
the condition for stability may be \\Titten as
mn(1 - k)~·

-

kD

~<

Kr

(dT)

K1

(dT)

Kl' +K1 dz ,+Kr+ K1 dz-

. •
1

(6.2)

Here m is the slope of the liquidus curve, n the concentration of the
impurity in the bulk liquid, K the thermal conductivity and d T jdz the
temperature gradient normal to the interface, with the suffices c and I
referring to the crystal and liquid, respectively. k is the partition coefficient
which is defined as the ratio nr fn1 of the impurity concentration in the
crystal tothat in the liquid, and which is normally less than unity. Equation
(6.2) could be extended to growth from very concentrated solutions where
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and 11 1 would be the ~olve nt conccntrations in thr crystal and solution,
respectivcly.
The condition expresscJ by Eqn (6.2) is closely relateJ to the constitutional supercooling criterion, introduced by I vantsov (1951, 1952) as
"diffusional undercooling", by Rutter and Chalmers ( 1953) and quantitatively by Tiller et al. ( 1953). As the crystal grows, impurities are rejected
at the crystal surface and so the impurity concentration in the liquid
immediately ahead of the interface becomes appreciably higher than that
in the bulk of the liquid (Fig. 6.1a). This accumulation of impurities
results in a depression of the equilibrium liquidus temperature 11.
(according to the phase diagram) as illustrated in Fig. 6.1(b). The actual
temperature distribution in the melt is as shown in the dashed line (i) of
Fig. 6.1(b) and any protuberance on the interface will tend to grow
(relative to the interface) smce it will experience a higher supercooling.
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F1c. 6.1. (a) Impurity distribution and (b) equilibrium liquidus temperature
TL ahead of an advancing interface in a doped melt.
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The region ahead of the interface is then unstable. Stable growth can
occur if the temperature gradient at the interface is increased as in (ii) of
Fig. 6.1 (b ), in which case the actual temperature ahead of the interface is
higher than the liquidus.
The condition for constitutional supercooling may be readily deriYed as

mn( I - k)<·
!?D

dT
dz

(6.3)

\\ hich is identical with Eqn (6.2) if 1\, = 0, or if /\.·,. = 1\ 1• and the latent hcat
is zero. Lucid reYie\\S of constitutional supercooling and of the modes of
unstablc gro\\·th "·hich can result have been giYen by Tiller (1963, 1970).
Experimental confirmation of the validity of the constitutional supercooling criterion for melt growth has been proYided by V/alton et al. ( 1955)
and Bardslcy et al. ( 1961 ).
The similarity between growth from a doped melt and gro\\"th from
solution has been pointed out by \•Vhite (1965). In thc latter case solvent is
rejected by the growing crystal and there will inevitably be a gradient of
solute aheacl of the interface due to local depletiun by the crystal. Tilkr
( 1968) has proposed the application of the constitutional supercooling
criterion to growth from solution by a modification of Eqn (6.3). Since the
solution normally contains a number (j) of solute constituents, the condition for instability may be expressed by writing for the growth rate:
'i."

> Du d ~·~
tL

I {!'!)kD,jDu
*- 1)11 1}
1

1~ 1

(6.4)

11·here Du is the diffusion coefficicnt of the solvent ancl m 1, k,*, 11 1 and D1
refer to the solute constituent i. The effective partition coefficient is
defined by

11·here nc' and 11.: 11 are the concentration of i in the crystal and solution,
respectively. Tiller has calculated the ratio of the maximum stable growth
rate 'l.'max to the gradient ( d Tjdz) as a function of temperature for various
compound semiconductors and his results are shown in Fig. 6.2 .
.\n alternati1·e and much simpler calculation of the criterion for stable
growth in solution under diffusion-limited conditions may be obtained by
considering the condition for the appearance of a supersaturation gradient
- an increase in Supersaturation ahead of the interface which may be a
umsequencc of solutc ditfusion (Eh,·dl and :\eatc, I Y71; Scheel and
Elwell, 1lJ73a). Thc condition for instability is that a protuberance will
encounter a higher supersaturation as it advances so that at the interface,
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F1c. 6.2. Ratio of maximum stable growth rate to temperaturc gradient fur
solution growth of some compound semiconductors (Tiller, 1968).

dn ___ dn ,
Clz ---- dz ·

(6.5)

N ow dn jdz is related to the linear growth rate.._. by Eqn (4.13)

V'::::'.!!_ (dn)
p

dz

Z= O

anJ, for an ideal solution with nc = const exp ( - c/J/RT),

ein e

cP1lc d T

dz

RPdz- ·

Substitution into Eqn (6.5) gives the condition for instability as
Dc/Jn . d T
v > pRT2dz

(6.6)

which is substantially the same result as Eqn (6.4) for a single component.
Using typical values of D = 10- 5 cm 2 s- 1, n.= 1 g cm - 3 , p=S g cm - 3 ,
c/J = 70 kJ mo!e - 1 and T = 1500°K, the maximum stable growth rate
according to Eqn (6.6) will be z,·rn a x,._, 10- Rcm s- 1 for ciTjdz = 10 deg cm - 1
or Vmax,._, 10 - 9 cm s- 1 for dT jdz= 1 deg cm - 1 • The value of Vmax/(dT/dz),...._,
10 - 9 s- 1 deg- 1 is typical of the values quoted by Tiller (Fig. 6.2).

6.

CONDITIONS FüR STABLE GROWTH

In practice crystals are grown at stable rates of the order of 10- 6 cm s- 1
in temperature gradients of the order of 1 deg cm - 1 • It is therefore clear
that crystal growth from high-temperature solution normally occurs in a destabilizing supersaturation gradient.
For stable growth to occur at rates much greater than those given by
Eqn (6.6), it must be assumed that the Supersaturationgradient must be
i nsufficient for a perturbation to nucleate (Wagner, 1954; Tiller and Kang,
z
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F1c. 6.3. (a) Salute concentration ahead of crystal growing in solution.
(b) Metastahleregion of supersaturation gradient. (T0 corresponds to ii of Fig. 6.1 .)
(Scheel and Elwell, 1973a.)

1968; O'Hara et al., 1968). The crystals may therefore be said to grow
in a metastable region of the Supersaturation (or supercooling) gradient as
discussed by Scheel and Elwell (1973a). This region is analogous to the
normal metastable or Ostwald-Miers region and is illustrated in Fig. 6.3. t
In Fig. 6.3(a) is shown the actual solute concentration n 8 " in front of the

t The width of the boundary layer is denoted approximately in th e diagrams.
The exact defin ition of 8 is that of Eqn ( 4.14 ).
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growing crystal for diffusion-controlled growth and thc corresponding
liquidus temperature T,, is sho'lvn in Fig. 6.3(b). 'fhc significance of this
metastable region between TL and 'l'cr it is that a perturbation will not
nucleate (or will develop at a negligibly slow rate) so long as the temperature
Terr ahead of the crystal exceeds the Iimiting value. In the example shown,
growth will occur in the metastable region even if the temperature gradient
at the interface is zero. If, however, the requirement of conduction of the
heat of crystallization through the solution Ieads to a temperature distribution below that of the dashed line T cr it in Fig. 6.3(b ), growth will be
unstable and the crystal will contain an appreciable concentration of
solvent inclusions.
By analogy with observations on the Ostwald-Micrs region, it may be
expected that the width of the metastable Supersaturation (supercooling)
gradient region will dcpend on such factors as the crystal-growth rate and
the degree of disturbance, particularly thermal or mechanical shock, to
which the solution is subjected.
An important question concerns the origin of th e metastability ancl wc
now consider in somc detail the relatiH· importancc of thc Y:Jrious st:Jbilizing factors which were not taken into account in the clerivation of
Eqns (6.4) or (6.6). We consider first the results of a perturbation
approach.
B. Perturbation analysis. In view of the importance of th e perturbation
method of stability analysis, a summary is given here of a simplified
treatment of the stability of a plane interface growing in solution, due to
Shewmon (1965).
Consider a plane crystal surface growing in a supersaturated solution
in the volume diffusion-controlled regime. Any protuberance on this
surface may be analysecl into a number of sine waves of different wavclength and it is convenient to discuss the stability condition in terms of
such sine waves. A protuberance of the interface such as that shO\m in
Fig. 6.4 will have components of th e form

F1c. 6.4. Proturberance on plane crystal-solution interface .

(,_ C'ONOITIONS FüR STAßi.E GROWTII
~

E(t) sin wy

(6. 7)

\\·hcrc f is thc timc-depcndent amplitude of the perturbation and the
\\·avelcngth is spccifi.cd by w. Thc pcrturbation causcs local changcs in thc
solute concentration at the surface, which is gi ven by th e Gibbs-Thomson
equation. The local curvature is assumcd to be d~z / dy~ so that the equilihrium concentration is specified by

n, = n,,(l + TE(t)w~ sin wy)

(6.8)

wherc n,, is thc equilibrium concentration per unit volume for a flat
surface, and
is the capillary constant yV.u/RT. (As in Chapter 4, Vu is
the molar volume of the solute and y the surface energy per unit area.)
An approximate solution may be obtained by assuming that the interface
is static, in which case the solute distribution obeys Laplace's equation
V2n = 0. The general solution to the latter equation for a sinusoidal interface and a static solute gradient G = ( dn ( dz), ~o is

r

n(z , _v) = A + B exp ( - wz )E sin wy + Gz.

(6. 9)

The constants .4 :md B are chosen to mak e Eqn (fi.C)) id cntical with
Eqn (6.8) at thc interface, that is by equating coefficients with z = E sin wy .
This gives A = n". and 13 = (n,, rw~ - C), so that

n(z, y ) = n,. + (n". Tw 2 - G) exp ( - wz )E sin wy + Gz.

(6.10)

The linear growth rate is then given by Eqn (4.13) as

"<'~f!_ (ddn)
P

Z

z ~o

=Q [G + (G - n,, Tw 2)wE sin wy].
P

( 6.11)

Thc fi.rst term in Eqn (6.11) represents the growth rate v 0 in the absence
of any perturbation, and so the development of any perturbation relative
to the mean position of the surface is given by the second term as
(6.12)
so that
(6.13)
The first term on the right-hand side of Eqn (6.13) may be interpreted
physically as being due to an increase in the concentration gradient in
front of the "hills" on the perturbed "valleys". The second term is due to
the concentration gradients along the surface which cause solute transport
and so tend to smooth out the sinusoidal disturbance. The two effects
balance at a critical value of w, denoted w 0 , suchthat

- (Cf n,, T)i l2,

W 0 -

(6.14)
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F1 c. 6 .S . R ate of d evelopment o f insrahilit v fo r n tri o u s valu es o f '" ( - 211 jA ).

T aking ty pi cal valu es of G/n<, = I cm - 1 (1 ° 0 Supersa turati o n and Ö= 10
cm) and 1 = 3 x 10 - "c m (V." = 40 c m ~ mol e - 1• y = 10 5 J crn ~ and '/' 150001\.) g ivcs a 1·a luc o f w,, :::: 6 x ]()3 crn - 1 • :\ pl ot in Fi g. 6.5 of i /< for
variou s va lucs o f w using th e sa rn e param etc rs ,,·ith ~· o = 10- n cm s - 1 sho\\'::;
th at a parti cul a r ,,.a,·el eng th ,,·ill tend to beco m e d om in ant if g ro11·th occ urs
und e r un stabl e conditi o ns. In th e exampl e chose n , th e m axi rn um 1·alu e o f
w is about 3 x 10 3 cm - 1 so th at th c co rrespo ncling 11·ayelength is in th c
regio n of 20 ,um . Som c co nfirm ati on of thi s prcdi cti o n is pro1·id ed b y th c
surface stru cture of a G dA10 ,1 c rystal sh01m in Fi g. 6.6. Th c surface sho11·s

f'1 c. 6.6 . Peri odic so h ·ent inclusio n s on surface of Gd .-\1 0 , d ue to intc rrupti o n
o f stirrin g a t th c end o f g ro wth L'Xpe rim cnt (Sc heel and F.lwe ll , I CJ7.1a ).
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an inclusiun structure which exhibits a fine periodicity of approximately
30 /Am. A transicnt instability in this case rcsulted from the ccssation of
stirring at thc termination of growth prior to removal of the cxccss
solution .
For ,·alues of w greater than w," i / E is negati\'c and so the pcrturbation
tcncls to clecay; thc interface is thereforc unstablc against perturbations
of rclati\-ely long \\a\'elength . Thc stability rangc is increased if the solute
gradient G is small and if thc capillary constant
is !arge. Absolute
stability, for all valucs of w, requires that G = 0 which is incompatiblc with
\·olume diffusion (ancl \\·ould also rcquirc ·r" = () under thc conditions
assumed !) .
.-\dclitional stability is obtaincd if surfacc diffusion of the solute is
inclucled sincc this ,,·ill tend to smooth out any disturbancc by transporting
solutc from thc "hills" to the "valleys". The inclusion of surface diffusion
i ntroduces an additional term so that Eqn (6.12) becomes

r

·;

E E=

D
p

(c

r

- n _.. l

1

.
w-.• - TD,Dilw' ) w Sln
wy

(6.15)

whcrc D, is the surface-diffusion coefficient and J1 thc thickncss of the
adsorption layer in which this diffusion occurs.
In the general case, the growth rate is determined partly by interface
kinctics and Eqn (6.10) will no Iongei be valid. I f the linear growth rate is
specified in terms of the kinetic coefficient F such that ~· = F(n, - n,), as in
Section 6.2, an extension of the analysis outlined abo\-c Ieads to an expression for thc growth of the protuberance
i = (I - Tn, e w~G)wn·"
(1 + Dw/F)

(6 . 16 )

in which surface ditfusion has been neglected. This equation reduces to
Eqn (6.13) in the volume-diffusion regime where Dw jF< I.
I t is seen that, according to this treatment, the condition for stability
is the same as in the diffusion-controlled case since the boundary between
i < 0 and i > 0 is still given by Eqn (6.14). As Dw/F increases, so i /el' 0 will
decrease and the principal effect of kinetic control will be to reduce the
rate of development of the instability .
.\ccording to the above model, the instability condition applies to all
values of w below w 0 and thercfore to all wavelengths above the corresponding value ,\" = 21T jw0 • However, the model must break down at long
wavelengths since it requires redistribution of solute due to a pcrturbation
of \\.a\·elength t\ o\·cr a distancc of thl· ordcr of A. This redistribution must
occur by volume ditfusion and so thc modelbreaksdown when ,\ <,(DT) 11\
where (DT) 1 1 ~ is the mean displacement due to diffusion. At higher values
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of ,\, stabilization will be present because of surface tension but there will
be no enhancement of the solute gradient to give instability. Since
(DT) 112 ""'8, the wavelength region over which growth is unstablc will be
given by
(6.17a)

Since G ~ (ancfo).:: (an,cfo), this condition may alternativcly bc exprcssed as

(

rö)I / ~

0 >,\ > 27T ---;;

(6.17b)

An alternative stability condition is thereforc that 21r(To ja) 1 1 ~ > 8 or, as is
equivalent,

47T 2r

a < ~s

(6.1 ~)

The maximum Supersaturation required by this condition is, howevcr,
unreasonabJy JOW. If r:::: 3 X J u - ~ Ctn and 0:::: 1U- 2 cm as in the examplc
above, Eqn (6.18) requires that a< l x 10 - 4 which would correspond to an
extremely slow growth rate.
In summary, Shewmon's treatment predicts that a planar crystal surfacc
is unstable towards perturbations above some critical value of the order of
10 flm. Stability is enhanced by surface diffusion but not by surfacc
kinetics, although the latter retards the development of the instability. The
main success of this approach is in the prediction of a periodic structure of
,,·avelength about 20 flm when growth is unstable, but it does not yield a
criterion for stable growth "'·hich may be used in practice.
The effect of interface kinetics on the stability of a plane interface "·as
considered by Tarshis and Tiller ( 196 7). They concluded that kinctics "-ill
stabilize the interface, but only under source-limited growth conditions.
C. Stabi/ization due to facetting. The most important factor which has
been neglected in the above treatment is the normal tendency of solutiongrown crystals to develop habit faces. Such faces have a characteristically
low energy and it may be expected that the development of a perturbation
on such faces will be more difficult than on non-habit faces since protuberances will involve the formation of surfaces of relatively high energy.
The stability of habit faces has been discussed qualitatively by O'Hara
et a/. (1968), who consicler both kinetic and capillarity effects. If growth
on a particular facet is controlled by a single active centre which generates
a growth spiral, then a perturbation which tcnds tu incrcase thc small angle
between the resulting vicinal face and the crystallographic habit face will
also increase the number of layer eclges per unit area. The lateral motion

(J. CONOITIONS FOH STAnU: GROWTII

nf thc:-;c nlgc:-; \\·ill CIIISe the surfat"l' to rc\-ert back IO\\·ards tht· original
genrnctry \\·ith the separation het\\Tl'll adjaccnt spiral arms gin·n by J<Jr'*
according to the BCF theory (see Chaptt:r 4) . Capillarity tends to stabilizc
a fact:t when the growth is strongly anisotropic, particularly ,,·hen the
energy minimum in the \ '\"ulff plot is Yery sharp. This effect can be enhanced by non-isotropic adsorption of impurities, which could explain
why the ad.dition of impurities may sometimes result in impro\·ement in
crystal quality.
The stability of polyhedral crystals has been considered in more detail
by Chernov (1972) in a review of morphological stability. ChernO\·
explains the stability of facetted crystals in terms of the anisotropy of the
surface processes. A ridge or hollow produced by some fluctuation on an
anisotropic surface has along its edges much higher kinetic coefficients
than at the vertex, so that it expands tangentially at a rapid rate relative to
the normal growth direction. This anisotropy invalidates the use of a
perturhation approach.
Of particular importance when polyhedral crystals (as distinct from a
plane surface of unspecified extent) are considered. is the difference in
supersaturation between the corners and face centres. The Yariation in
supersaturation across a crystal face was measured, for example, by Bunn
( 1949) (see Chapter 4) and was found to be about 25° ~ in the case of sodium
chlorate. According to Chernov, this supersaturation inhomogeneity is
compensated by the development of vicinal faces as indicated in Fig. 6.7.
The slope at the centre of the face to the crystallographic habit face must
differ from that at the corners by about
if the increased kinetic coefficient at the centre is to balance the lower supersaturation. The supersaturation inhomogeneity increases as the crystal grows and the curvature

zo

Superso~uration

t

I
I
I

I
I

~
y~

F1c. 6. 7. Supersaturation inhomogeneity and compensating cun·ature for a
crystal face (Chernov, 1972).

250

CRYSTAL GROWTI-I FROM IIIGII-TE l\'IPERATURE SOLUTIONS

of the crystal must also increase if th e face is to remain stable. Chernov's
condition for instability is that the face centre attains some ma:ximum
deviation from thc simple crystallographic oricntation such that the
kinetic coefficient becomes very )arge. This approach gives the ma:ximum
length I of a crystal having N faces as

l = D(p., - p;) tan (7r/N)
2F;E8j(8)

(6.19)

where p., and p; are the slope of the crystal face to the crystallographic habit
plane at the centre and edge, respectively. F is the kinetic coefficient, E a
measure of the difference in solute concentration between the edges ancl
the face centre and 8 represents the anisotropy in the growth kinetics. The
comple:x function f(8) depends on the anisotropy and also on the limiting
value of (Po- p;). Using typical values of the various parameters, Chernov
estimates [,.._, I0 - 2 cm for 8 = 2 (a minimum value for a regular polyhedron),
and I = 1() -·I cm for 8 = 40. These values are clearly at variance with experiment by one or two orders of magnitude.
A factor not considered by Chernov which could increase the maximum
size for stable growth is the tendency for dislocations to propagate in
bundles radiating either from a seed crystal or from the nucleation centre
towards the centre of the crystal faces rather than towards the corners.
This tendency is illustrated in Figs 4.28(a) and (b) which show the surface
of a large GdAI0 3 crystal grown by spontaneaus nucleation (Scheel ancl
EI weil, 1973b ). The high concentration of defects at the centre of the face
is clearly correlated in extent with the dendritic core of the crystal, while
the outer regions of the face are relatively free from defects.
The main technique which has been used to demoostrate this tendency
of dislocation propagation towards face centres isthat of X-ray topography,
which will be discussed in detail in Chapter 9. In the topograph shown in
Fig. 6.8, which is fairl y typical, the dislocation bundles are re\"ealed a!'
white streaks and the preferential propagation towards the face centrcs i!'
clearly noticeable.
If the crystal does contain a higher concentration of active sites near the
face centres, an enhanced departure from th e habit plane will be unnecessary and crystals will be able to grow to greater size than that predicted by ChernoY without the development of excessive curvature.
However, the tendency illustrated in Figs. 4.28 and 6.8 is by no means
universal and alternative sources of stabilization must be considered.
Cahn (1967) also treated the stability of a habit face with growth b y
layer propagation but took as his stability condition the requirement that
the Supersaturation must not fall to zero at the face centre. By assuming
that the solute is transported over the surface only by volume diffusion,

6.
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2) 1

1: 11;. ldi. ;\- n l \" to pog ra ph o f tri g l\"l;in e s ulph a tc CJ" \"Sta l s h u\\ ill ).! bun J ics of
d is loca ti on s rad ia t in g from th e seed ( \ "e rg noux et al ., 197 1).

C ahn a rrin:d a t an t:x prcssion fo r th c maximum sizc o f a c rys tal for stabl c
g rO\\·th
=

1
\\ "ith

/) = 10

5

cm "s

1,

11"

1

f) (n", -_nr) .
7.. p

- li ,.= ) x JO - "gcm :1

(6. 20)
~: · = 10

·' c m s - 1 and

p = S g m cm - :3, Eqn (6.20) g i, es 1= 2 x I0 - 3 cm ''hi ch is aga in mu ch too
s m all in rc lati o n to experim ent.
Th c m ost lik ely ca usc of th c !a rge di sc re pa ncy b ct\\"Ccn C h crn O\·'s o r
Ca hn 's trca tm ent an cl cxperim ent is in th e ass umpti on th at th e fl o,,· o f
so h -c nt bctwce n th c cdgt:s ancl cc ntrc o f th e crys tal faces occ urs onl y by
,·o!um c diflu s io n. Th c prin ciplc th at th c cl itfcrcn cc in Supersa turati o n
bct,,·ee n th c ecl ges an cl ce ntre of a facc Iea ds to in st ability is lik cly to bc
co rrect , but com ·ecti\·e Ao,,· mu st b c taken into acco unt in any rea listi c
estim ate o f th e m aximum sta blc s izc. 'l'h c impo rt an ce of so luti on Ao,,· \\"ill
be co nsid e red in th e n ext sccti on .
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D. Velocity gradient. An alternative and attractively simple method of
treating the effect of surface kinetics on stability was proposed by Brice
(1969). If a crystal is growing in the z direction at a stable rate v, the
condition for stability proposed by Brice is that a projection will grow less
rapidly and a depression more rapidly than the rest of the surface. This
requires that the velocity gradient should be negative, that isthat
dv
-d z < 0.

(6.21)

If it is assumed that the crystal is grov.ring at a rate determined by thc
BCF formula [Eqn (4.42a)] written in the form

~· = A(n'"- n.)~ T2 exp (- B/RT),
n.

then differentiation and substitution into Eqn (6.21) gives
T [(

2

B ) dT

2

Zn~

dn

d

TJ < U.

T + RT2 dz + (r~ ,.-~~) dz - (n ., ,. - n. ) dz

With p~'f D substituted for dn/dz from Eqn (4.13), the stability condition
becomes

)(1

DdT[n., ,.~ (
B )]
Rii- n, "- n,. 1· + RP

z"< p dz

(6.22)

which is the same as Eqn (6.6) except for the second term in thc squarc
bracket. This term in fact reduces the maximum stable growth rate by
about 35 % if B is taken to ha,·e a value of 20 kJ jmole. lt would be of
interest to extend this model to treat the stability of a reetangular protuberance considering both its movement along and normal to the crystal
surface, and the results of the abO\·e one-dimensional approach must bc
treated with caution. The various treatments of the effect of interfacc
kinetics are secn tobe somewhat confticting.
6.2. Solution Flow and Stability

An increase in the rate of ftow of solution past a crystal surface has t\\·o
main effects. I t will even out the distribution of solute over the surfacc
and will reduce the thickness of the boundary layer. The first effect, as
argued in the previous section, will Iead to enhanced stability for a polyhedral crystal, but the beneficial effect of the reduced boundary-layer
thickness is not so obvious and will be discussed first.
According to the concept of a metastable region of supersaturation
gradient, stirring may Iead to an enhancement of stability even of an
infinite plane surface. The distribution of solute and the temperature
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Ftc. 6.9. (a) Solute concentration ahead of crystal growing in stirred solution
(b) Metastahle region of supersaturation gradient in stirred solution (compare
Figs 6.3(a) and (b)) (Scheel and Elwdl, 1973a).

relationships ahead of the interface are shown in Figs 6.9(a) and (b), which
may be compared with the corresponding diagrams for an unstirred
solution shown in Figs 6.3(a) and (b). The interface concentration 11; will
exceed thc equilibrium value as interface-kinetic control becomes dominant
and the solute gradientwill depend, to a good approximation, on (n," - n;) j8.
Thus, although 8 decreases with stirring, there is a corresponding decrease
in the width of 8r of the thermal boundary layer. So if the temperatures of
the crystal surface and the bulk solution remain constant, stabilization
results since the temperarute gradient is steepened by stirring to a greater
t:xtent than the solute gradient. This additional stabilization is a r esult of
the enhanced degree of interface control, which determines the growth rate
'1" (see Eqn. 6.3) .
Till er ( 1968) reached the opposite conclusion, namely that stirring Ieads
11
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to reduced stability in the case of an infinite plane surfacc. This conclusion
will apply to cases where the temperature control is such that thc increasc
in solute gradicnt is not compcnsatcd by an incrcascd tcmpcraturc gradicnt.
Hurle (1961) examined the conditions for stable growth in the case of a
rotating crystal and concluded that the supersaturation gradient is independent of the crystal rotation rate.
The theory of interface stability during growth from stirred melts was
also considered by Delves (1968) and by Hurle (1969), who used a perturbation analysis. Delves concluded that the interface may be stabilizcd
by fast stirring if the liquid is slightly supercooled. Under conditions near
to instability, a self-excited oscillatory motion ofthe interfacewas predicted,
with a wavelength of 30 !J-ITI in the example quoted. This result is very
similar to that of Shewmon which was discussed in Section 6.1.2. H urlc
also concluded that the effect of stirring on the stability of a plane interfacc
is small, ancl found that there is no condition of absolute stability in a
stirred solution.
When crystals of finite size are considered, the important conclition i~
that growth shoulcl be uniform over the whole surface. As discussecl in thc
previous section, instability will result if the Supersaturation falls to zero
at the centre of a face, ancl the probability that this will occur is clearly
much reclucecl in a Aowing solution. The problem of the maximum size of
a crystal face for stable growth has been considered by Carlson ( 195~)
who assumecl a region of laminar Aow between the surface and the bulk
solution. For the crystal to grow at a uniform rate, the concentration was
assumecl to Yary ,,·ith the distance y from the leading edge according to
(6.23)
,,·hcrc h is independcnt of 11 or y. The maximum length I of the face fnr
stablc grO\\·th is then determined by the condition that thc surLICL' concentration should not fall beim' the cquilibrium \·aluc. This giYc~ for thc
limiting \·alue
(6.24)
wherc Sc is the Schmidt number TJ fp, 11 D, u the solution Am\· rate and ~- thc
linear growth rate. With this equation, and assuming similar \·alues for
D, ~·, n , 11 - n., etc., to those in the previous examples, values of I some two
orders of magnitude higher than those given by the theory of ChernO\·
(Eqn (6.19)] or Cahn [Eqn (6.20)] are predictecl. Equation (6.24) therefore
appears to provide a stability criterion which may be used as a basis for
practical proceclures for crystal growth under stable conditions, as will bc
cliscussed further in Section 6.6.
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6.3. Ultimate Limit of Stable Growth
A prediction of the constitutional-supercooling or supersaturation-gradient
approach is that the rnaximum stable growth rate may be increased as the
tempcrature gradient at the interface is increased. 1-lowe\-cr, experimental
eYidenee indicates that there exists for any material an ultimate rate of
stablc gro\\·th \\·hich cannot be exceeded eYen \\·ith a steep temperature
gradient and a high degree of stirring.
Data for the stablc growth rates from a number of typical IITS and
I ,PE growth nperiments ha\-e been listed in Tabk h.1 and in no case \\·as
this rate found to exeeed significantly 5 x 10 - 6 cm s 1, or about 4 mm per
day. lt is probable that a limiting grmnh rate of this order is imposed by
surface-kinctic proccsses such as desoh·ation, integration at kinks and
remm·al of solvent molcCLiles from the surface. In several eases spontaneous
nucleation of further crystals might Iimit the maximum feasible growth rate.
Ho\\-e,·er. faster growth rates are possible in crvstal growth from the
melt and it is clear that the transition from a dilute solution to a pure melt
is gradual. This implies that higher stable growth rates may be achie,·ed
in solution gro\\·th if the solt1te concentration is relatively high. This
conclusion is confirmed by thc work of Belniss et al. (1971 ), \Yho reportcd
stable grmnh rates of 10 5 cm s - 1 in top seeding experiments using a
70- 90"(, solt1te concentration. At high values of the growth rate, the remm·al of thc heat of crystallization cannot be neglected as a rate determining factor.
Wilcox (1970) has discussed the influence of a temperature gradient
on crystal facctting. In high temperature gradients, crystals tend to gro\\·
without facets and it is possible that, in certain systems, e\en higher
grmnh rat es than thosc of Belruss et al. ( 1971) could be achie,·ed \\·ith
non-facetted crystals. ·j·
If crystals are to rcmain facetted, the only possibility of fastET stablc
gro\\·th than by the usual layer mechanism would appear to be by encouraging a high acti,·ity of hillock sources on highly dislocated faces.
Figure 6.10 shü\vs the !arge activity of growth hillocks on an yttrium iron
garnet crystal compared with the layer mechanism. The photograph shows
a surface '' hich normally grows by spreading of layers from relati,·ely fe\\·
centres. The surface has two raised circular areas due to solution droplets
\Yhich haYc remained after removal of the bulk of the solution by hot
pouring. During cooling to room temperature, rapid growth continued on
these areas and the remaining flux was subsequently remm·ed by dissolution. One dropkt showscontimied layer growth \\·ith a raised rim due
-j- 'l'his conclusion is confirrned by rcsults reportcd by :\lrs. V ..\. Timofee,·a at
ICCG 4 , Tokyo, 1974.

TABLE fi.l. Experimentally Obsen·ed Growth Rates in Crystal Growth from HTS
Crystal

Solvent

Linear growth
rateA·s · '

Remarks

Pulling from solutinn
Accelerated crucible
rotation technique
Pulling from solution
Pulling from solution
Seeded growth from solution
Seed crystal on ~>ti rrer
Pulling from solution
Pulling from solution

Ba,Zn,Fe,,O"
GdAIO"

Ha0- 8,0,.
PbO- PbF ,- 8,0,.

200
-200

NiFe,O,
NiFe,O,
NiFe,O,
Y,Fe,O,,
Y ,Fe.o"
Y,.Fe ,,O ,,

NaFeO,
Ba0- -8,0,.
PbO- PbF,
8a0- 8,0,.
8a0- 8,0,.
RaO -8,0"

200
-500
-260
120
ISO
-ISO

Reference

AuCoin et al. ( 1966)
Scheel ( 1972)
Kunnmann et al. (1963)
Smith and Elwell (1968)
Kvapil et al. (1969)
Laudise et al. ( 1962)
Linares (1964)
Kestigian ( 196 7)

Growth by liquid phase epitaxy
AlxGa, . xAs
GaAs
GaAs
Ga, __,A I_,.A.s
lnAs, __,Sb
lnAs, __,Sb
Eu, Er,Ft· ,_,.Ga., _,O,,
Eu.,_"Y ,_ ,Fe,._,.Ga, _,O"
Y:~Fe,O"

Y,Fe,O"
RFeO,.

Ga
Ga
Ga
Ga
ln
In
Phü- B,O "
Bi,O,.- V/> .-.
PbO- B,O,.
RaO- R,O "
Ba0- 8,0,.
PbO- ll/> "

C'l

:r:
I

...;

22
-140
-170
-10
250
170
660

LPE, slow cooling
LPE, fast cooling
LPE, slow cooling
LPE, slow cooling
LPE, gradient transport
LPE, gradient transport
LPE, 30° supercooling

81um and Shih ( 1971)
KangandGreene(1967)
Kinoshita et al. (1968)
Woodall (1972)
Stringfellow and Greene (1971)
Stringfellow and Greene (1971)
Levinstein et al. (1971)

340
260
8
II

LPE, slow cooling
LPE, gradient transport
LPE, slow cooling
LPE, slow cooling

Giess et a/. (1972)
Linares et al. ( 1965)
Brochier et al. (1972)
Shick and N ielse n ( 1971)
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F1c. 6 .1 0 . S urfa ce o f a ga rn et cryst al sho wing grow th la ye rs and two solidified
so luti o n dro plets fro m w hi ch the so lvent was disso lved . The !a rge dropl et shows
co ntinu ed laye r g row th du rin g coo lin g , th e sm a lle r on e th e " nu clea ti on" of g row th
hill ocks (Sc hee l and Elwe ll , 1973b).

to fast e r coo ling and crystalli zation in th at region . On th e oth er dropl et
m a ny hillocks ha ve bee n nuclea ted and th e resulting regi on appears to be
in clu sion-free in sp ite of th e rapid growth. An increase in growth rate of
bulk crystal s by thi s m echani sm would clearly be at th e expense of crystal
qu ality , as measured by th e di sloca ti on density a nd impurity in co rporati on .
.-\ method of achi ev ing fa st g rowth rates which h as been littl e ex plo recl
is th e use of a ve ry thin zone of so lve nt over th e whole crystal surface ,
with so lute suppli ed fr om th e vapour ph ase. Th e advantage of a ve ry thin
zo ne is th at supersa turati on g radi ents would be avo id ed, and th e use of an
" ultra-thin " alloy zone for th e growth of sili co n has been proposed by
1-1 url e et al. ( 1964, 1967) and by Filby and N ielsen ( 1966 ).
In \·ie\\. of th e seve re Iimitati on imposed by th e normally slow growth
rates used in so luti on g rowth, a ny m ethod which co uld permit an increase
in th e maximum stabl e growth rate by a substantia1 factor is worthy of
im·esti ga ti on. The m ost significant contribution to fast stable growth rates
is g ive n , ass uming an optimum choi ce of so lvent and growth techniqu e,
by an adequate tempe rature g radi ent a nd suffi cient so lution Aow rates at
th e g row ing cryst al faces.
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6.4. Experiments on Growth Stability
Several experiments have been performed, particularly with aqueous
solutions, with the aim of determining the conditions for stable growth
andin order to observe the effects of instability.
The existence of a maximum rate of stable growth and its dependence
on crystal size was demonstrated as lang ago as 1939 by Yamamoto.
He measured the critical growth rate of alkali halide crystals of various
sizes growing in aqueous solution. The incidence of inclusions at the
higher growth rates was found by microscopic observation to depend
upon the spreading of layers across the crystal face. Under stable conditions, only one layer could be seen to be advancing across a given face
at any time. Unstable conditions leading to inclusion formation could be
correlated with the formation of successive layers before a previous layer
had reached the edge of the crystal. Yamamoto's observations led him to
propose that the maximum rate of stable gro\\'th decreases in proportion
to the area of the crystal face.
The decrease in the maximum stable growth rate with crystal size was
also stressed by Egli and Zerfass (1949) ancl by Egli (1958), although
quantitative data were not given.
Detailed studies were made by Denhigh and \\'hite (1966) of the grO\\th
stability of hexamethylenetetramine. They found no inclusions in the
centrat 65 f.Lm of crystals and concluded that this represents a critical size
below which inclusions are not formed, irrespective of the growth conditions. The incidence of inclusions in !arger crystals confirmecl the
nlidity of a critical growth rate, which has a value of about 2 x I 0 - 5 cm s - I
for this material. The critical growth rate was substantially independent of
the stirring rate for the small crystals grown (-. 10 - t cm), but inclusions
were not observecl when the stirring rate was n:ry high . In the batch
system usecl, however, th e main effect of stirring was to increasc tht·
nucleation rate ancl hence to reduce the crystal size ..-\quantitative inYestigation was also made by .-\lexandru ( 1972) of the stability of Rochelle salt.
The crystals used in this case were !arge, up to 600 g in weight, in cantrast
to the relatively small crystals stuclied by Yamamoto ( 1939) ancl Denhigh
and White (1966). The measurements were made under conditions of
fairly rapid solution flow. Alexandru found that the maximum stable
growth rate varies in inverse proportion to the length of the crystal face .
As with Yamamoto's observations, stability was believed to be correlatcd
with the rate of movement of layers across the crystals and was influenccd
by the presence of impurities in the solution. The stability conclition
could also be expressed in terms of a maximum Supersaturation a 111 ,.,,,
which was related to the face length by an expression of the form
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(6.25a)

\\'hen a ~ccd crystal of kngth x" \\·as uscd, a nwdificd rclation
Gmax =

a

h

+ ----

(6.25b)

.\: - ,\'"

\\as found to fit thc data . lt is perhaps surprising that the maximum
supersaturation for a giYen crystal size should depend on the prc,·ious
history of the crystal, and these Observations indicate th e importancc of
the distribution of dislocations in the crystal.
Relati,·ely fe,,· measurcments have been made of maximum stable growth
ratcs in high-temperature solution but \\ientorf (1lJ71) rcachcd thc samc
conclusion for the growth of diamond as die! Alexanclru for Rochelle salt,
na111ely that the stable growth rate shoulcl decrease im-ersely as thc
diarnctcr of thc crystal. Fora 1 rnrn cryst;ll, th<:> maximum growth rate was
found to be about 0.2 111111 hr - 1, decreasing to 0.04 mm hr 1 wh en the
crystal reachecl its 111axi111u111 size of 5 mm.
ßruton ( 1971) studied the stability of growth of Iead tantalatc, PbTatO,;,
by top seeding from a Pb 2 V 2 0 7 flux under conditions which were believed
tobe turbulent. According to Carlson's criterion [Eqn(6.24)] thc maximum
sizc of crystal for stable gro\\·th was calculated to be 1.2 cm. ] n practice
inclusion-free crystals rarely grew !arger than 4 x 2 x 1 111111, and !arger
crystals usually contained many inclusions.
Dawson et al. (1974) measured the growth rate and inclusion concentration of NaNb0 3 grown on a rotating seed in NaB0 2 as a function of the
temperature difference across the melt. The results are shown in Fig. 6.11.
The growth rate varies approximately as L1 T 2 and extrapolates to rather a
!arge value at L1 T = 0 because of solvent evaporation. Also shown in Fig.
(>.11(a) is the line ,,·hich is believed to denote the boundary between stable
and unstable growth. The justification for this particular choice of stability
condition is that the ,·ariation with L1 T of the inclusion concentration is
very similar to a plot of the clifference between the actual growth rate and
the value gi,·en by this boundary line, as may be seen from Fig. 6.11(b).
The stability condition represented by the boundary in Fig. 6.11(a) is
in good agreement with the supersaturation-gradient concept, if it is
assumed that thc temperature graclient at the crystal surface \·aries directl y
as L!T. From Eqn (6.6), ('-'·fL1T) > (D4>n ,jpRPL1z) for instability, \\here
Llz is the length owr which the temperature drop occurs. 1f Llz is taken to
be the depth of the melt (2 .3cm) with D = 4 x 10 - 5 cm 2 s - 1 , 4> = 59kJ
mole - ', p = 4.44gcm - 3 , ll e = l.77gcm - a, T = 1378K (all measured experimental values), the value predicted for z'/LlT is 12 x IO - !Icms- 1 K - 1 •
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F1c. 6.11. (a) Growth rate of NaNb0 3 on a rotating seed in NaBO, solution ,
with estimated Iimit of stable growth . (b) Solvent inclusions concentration and
excess growth rate above estimated Iimit for NaNbO, (Dawson et al., 1974).
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TABLE C HOWT H

'l'his is mu ch lo we r th an th e ex perim ental va lu c of 5 .3 x 10- 7 cm s - 1 K - 1 •
Howe,-e r , ifth e tempe rature is assum ed , du e to stirrin g in th e bulk so luti o n,
to be dropped o,·er a th erm al bo und a ry laye r of \\·idth 8(Scj Pr) 1 \ wh ere
Sc is th c Schmidt mimb er and Pr th e Prandtl numbe r , a va lu e in th e reg ion
of 5 x I 0- 7 cm s- 1 K - 1 for ~"/iJ 7' is predi cted by th c supe rsa turati on- g rad ient
m ode l. U nfortun ate ly a direct m easu rem ent of th e tempe rature g radi ent
at th e inte rfa ce was not poss ibl e, but th ese res ults strong ly support th e
,·alidity o f th e supersa turati on- g radi ent approach .

6.5. Results of Unstable Growth
S in cc st ab le g rowth h as bee n d efincd in th c prcsc nt co ntex t as growth
without so h ·ent inclu sions, it is clea r th at instability \\·ill res ult in in clu sions .
\\"h at is interestin g is to co nsider th e cxtent to ,,·hi ch th c quantative and
qua litatiYe m ode ls discu ssed above ca n acco unt for th e o bse rved featu res
which result fr om th e onset of in st ability.
Th e develop m ent of a peri odi c di sturba ncc ha s alrea dy been d isc ussed
in Secti o n 6. 1. 2 and exa mpl es of th eo reti ca l treatm ents whi ch predi ct thi s
periodicity havc bee n m enti o ned . A noth e r obse rva ti o n o f a crys tal with
periodic in clu s io n is illustrated in Fig. 6.12, which shows a secti o n para lle l
to th e growth directi on of a NaNb0 3 c ryst al g row n b y top secd in g ( Da\\·so n
et al. , 1974). As in fig. 6.6, th c inst ab ility has occ urred at th c termin ation

, I

,
/

'

f

•

~mm

F 1G . 6. 12. Secti on throug h NaNbO , showing peri odic inc1u sion stru cture
(Dawso n et a/., 1974).
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of g rowth , poss ibly fo llow ing rem ova l fro m th e soluti on. T h e per iod tn
thi s case is about 80 !J-111 .
A cellul ar interface simil a r in appea rance to th at ob se r ved o n m eltg rown cryst als unde r unst abl e conditi ons was repo rted b y Hurl e et al.
( 1962) on cryst als of InSb g rown from so luti on in a Supe rsatu ra tion
g radi ent and recentl y by Schi ebe r and E iel eiberg ( 1973 ) on c rystals of
BaFe 12Ü 19 • T he cells in th e latter case we re beli eved to be du e t o pl atinu m
seg regation .
A noth er exa mple of a crystal with peri odi c inclus ions, in thi s casc
DyV0 4 g row n by slow coo lin g by Ga rton and \Va nkl yn (1969), is show n
in F ig. 6. 13. It is by no m ea ns certain th at th e pe riodi city in thi s case is
due t o excitati on of th e Ionger face sin ce th e peri odicity may we il be in
th e g rowth d irecti on . La n da u ( 1958) h as predi cted th at , uncle r co nstituti o nall y supe rcoo lecl co nclitio ns, th e growth rate m ay va ry p eri ocli ca ll y,
resulting in a peri ocli c cl istributi o n of impu riti es. Th e peri ocli city is ca usecl
by th e lowe ring of th e clegree of co nstituti o nal supe rcoo lin g by an inter va l
of unstabl e g rowth with inclu sio n fo rmati on , so th at a n interva l o f stable
g rowth foll ows cl urin g whi ch th e instability builcl s u p t o som e criti ca l va lu e
ancl th e cycl e is re-initi atecl. T his moclel co ulcl acco Ltnt fo r some of th e
stri ati ons ancl ban cls of in cl usions whi ch are obse rvecl in HT S-g row n
crystals (see C h apte r 9) but h as not founcl wicl e acce pta nce.
Pa rti cul arl y uncl er diffu sio n-limitecl co ncliti ons, th e hi g h e r su pe rsa tura-

.• c-;
." .

F tc . 6. 13. DyVO, crysta l with p eriod ic inclusions (Ga rton an d Wa nkl yn , 1969) .

(J . CONDITIONS I'OR STAni.E GROWTII

tion at the corners and cdges of a crystal will Iead to an onset of more rapid
gruwth in these rcgions as thc dcgrce of constitutional supnsaturation is
increascd . :\ progn:ssi\T incrcasc in tl1c supersaturation gradicnt Ieads first
to thc formation of raised edges, then to thc de\·elopment of terraces or
"hopper" crystals and finally to elendrite formation with projections in thc
directions of rapid growth. This sequence is illustrated in Fig. 6.14 \\·hich
is taken from the paper of Fredriksson ( 1971 ), who discusses the morphology of meta! crystals as a function of the growth conditions.

6)
a)

F1c. 6.14. (a)-(d) Progre ssive changcs in shape nf an ideally cuhic cn·stal with
increasing degree of supersaturation gradient (Fredriksson, 1971 ).

I f growth occurs by a mechanism of layer spreading from corners and
edges, it is very probable that the inclusions will be formed at thc facc
centrcs of the crystal where the Supersaturation is low. This has been
confirmed by several observations by the authors, by the work of Carlson
( 1lJ5X) on aqueous solution growth and, for example, by Lefcver anti
Chase ( 1%2) on yttrium iron garnet. A more detailed description of thc
typt·s of inclusion found in crystals grown from I ITS will he gi\Til in
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Chaptcr 9. Many cxamplcR of thc tranRition from thc normal habit form tn
Rkelctal and similar crystal shapcs arc quotcd in thc rcvicw by Chcrnm·
(1972).

6.6. Experimental Conditions for Stable Growth
6.6.1. Optimum programming for stable growth
The essential criterion for stable growth is that the growth rate should
always lie below the maximum stable value, with a "safety margin" to
allow for temperature fluctuations due to imperfect regulation or to convection overstability in the solution.
Scheel and EI weil ( 1972) and Pohl and Scheel ( 1975) presentecl a temperature programme for the growth of crystals by slow cooling, with thc
stable gro\vth rate estimated accorcling to Carlson's criterion which was
discussed in Section 6.5. Rearrangement of Eqn (6.24) gives the maximum
stahle growth rate 7' 111 ax = d/ 2dt for a crystal of siele I as
~·rnax = ßn,. ·,

1

1

((J.26)

((1.27)

with

Here n,. is the solubility at temperature T, and a is the relative supersaturation (n,,. -n ..)/n,. which is assumed to remain constant throughout the
crystallization process. The crystal volume is
f3 = (11 0 - n,.) V p,

(6.2S)

where n 0 is the initial solubility at timet = 0 and V the volum e of thc solution.
Combination of (6.26) and (6 .27) yields after integration

This equation clefines the temperature T as a function of the time t if the
solubility curve is known and the Supersaturation is given a Yalue below
some criticallimit.
An example of a cooling programme based on Eqn (6.29) is shown as
curve III in Fig. 6.15(a). The parameters assumed are: solution volume
V=80 cm 3 , p = p," =5 g cm - 3 , n=15 % at 1600 K and 5% at 1300 K, D =
10- 5 cm 2 s - I, a = 10 - 2, Sc= 420 and u = 10 cm s - 1 • lt may be seen that the
deviation of the calculated programme from a constant cooling rate [I I of
Fig. 6.15(a)] is relatively slight except at the early stage where the crystal is
ve ry small. The corresponding growth rat es are shown in Fig. 6.15( b)
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(b)
Fu:. IJ.I .5. (a) TernpcratUI'l' programmcs for IITS growth hy slow cooling.
constant linear gro wth rate ; II constant cooling rate; III for maximum stable
growth rate according to Eqn (6.29). (b) Linear g ro wth rate for programmes 1-l 1l
(Scheel and Elwell , 1972).
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from which it is clear that the initial growth rate in case li is much highcr
than the limiting value, which explains the frequent observation of a
dendritic core in !arge crystals grown by spontaneaus nucleation.
Curve I of Fig. 6.15(a) is based on the assumption of a constant linear
growth rate, in which case the temperature change from the initial valuc
will vary as t 3 • Several proposals for temperature programmes (Neuhaus
and Liebertz, 1962; Koldobskaya and Gavrilova, 1962; Sasaki and Matsuo,
1963; Bibr and Kvapil, 1964; Kvapil, 1966; Cobb and Wallis, 1967;
Kvapil et al., 1969; Fleteherand Small, 1972; Wood and \Vhitc, 1972) havc
been based on the use of a constant linear growth rate, but it is clear from
Fig. 6.15(b) that the growth rate may cxceed the maximum stablc valuc
during the later stages of growth unless the constant valuc is initially weil
below the stable Iimit.
Figure 6.16 shows the effect of viscosity, solution flow rate and cruciblc
size on the temperature programme calculated using Eqn (6.29) with
otherwise the same parameters as in the previous example. A total duration
of 10a hours (about 6 weeks) is considered acceptable but twice this valuc
would probably be prohibitive. A rapid solution flow rate can be seen to be
essential if one !arge crystal is to be grown. Large crucibles are unlikely to
result in one crystal per run but stable growth is possible if multinucleation
is taken into account. The effect of flux viscosity is seen to be relativcly

TEMPERATURE (K)

1500
u =

TJ

0 .1cm s-

1

= 20 cp

V= 4000crri

1400

1300~----~------~-L~--~~--~~----~--
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4

5
logt (hr) ----

f'1c . 6.1 (,. Tempcrature programmes according to Eqn (6.29) for various values
of solution ftow rate u, viscosity 1) and solution volume V (Scheel and Elwdl,
1972).
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minor, but it is unlikely that high valucs of solution ftow rate will be
possible in viscou~ ~oh · ents.
Thc ~lowc~t cooling ratcs must bc u~nl in thc carly stag~: following
nucleation and a considerable saving in time without the onset of unstable
growth can be achieved by the use of seed crystals. The initial cooling rate
with a seed crystal will be chosen to correspond to the maximum stable
growth rate for the particular size of seed chosen.
The programme specified by Eqn (6.29) was calculated on the basis that
the growth rate should at all times have its maximum stable value. In
practicc it is desirable to use a growth rate which is less than the maximum
value by a sufficient margin to allow for minor temperature ftuctuations
within the solution. The best temperature regulation which can be
obtaincd with commercial controllers is about "' 0.1 oc and, in the example
considcred above, a sudden drop of 0.1 oc would result in the deposition
of about 13 mg of solute. If this drop were to occur in 10 s on a crystal of
arca 1 cm 2 , the resulting growth rate would be 3 x 10 - 4 cm s- 1 , which is
two ordcrs higher than the maximum stable value! In practice the supersaturation is created throughout the melt and the elfect of the temperaturc
drop is much less drastic, but sudden temperature drops of zoc may occur
when cooling is elfected by a motor-driven helipot or sirnilar mechanical
rneans. This shows that excellent temperature control and programming
are necessary when !arge inclusion-free crystals aretobe grown.
Curve I of Fig. 6.17 shows the cooling rate according to the programme
of Fig. 6.15 (curve Ill) and a less idealized practical procedure is indicated
by the dotted line I I. The actual values of the cooling rate proposed in this
example are: 0.2°C hr - 1 for the first 48 hr, 0.5 °C hr - 1 for the next 24 hr
and 1.2°C hr - 1 for the remainder of the growth period, about 220 hr.
Those values are chosen to give a reasonable safety rnargin, except for the
initial value which is selected on the basis that it is pointless to use a cooling
rate which is not at least comparable with the randorn ftuctuations (Laudise,
1963). The increase in time required by the proposed procedure is about
75 hr or 25 % .
Also shown in Fig. 6.17 as curve II I is the cooling rate required by the
programme of Eqn (6.29) for the sarne conditions as for curve I but with
11 = 0.1 crn s - 1 , a value typical of stirring by natural convection. The
maxirnum stable value in this case is only 0.175 °C hr - 1 and the total time
required by the prograrnme is about 100 days. Since such a period would
bc unacceptable to most crystal growers we propose the use of a constant
cooling rate of 0.2 or 0.3°C hr - 1 for experiments using unstirred melts.
Such a cooling rate will probably result in rnore than one crystal but should
yield only a few crystals with substantial inclusion-free regions.
Tcmperature programming for the growth of crystals in industrial

z()ß

CRYSTAJ. GROWTII FROM IIIGII-TEMPERATUHE SOLUTIONS

crystallizers has becn discussed by Mullin and Nyvlt (1971), and Wood
and Whitc (!9oS) advocatcd thc usc of programming in crystal growth by
flux cvaporation in onler to achicvc a constant linear gro\>vth rate. However, the linear growth rate has to decrease according to Scheel and Elwell
(1972), and the flux evaporation rate should be programmed according to
the maximum stable growth rate. In certain cases a constant linear growth
rate might be necessary, for instance for homogeneaus doping. Constant
growth conditions necessitate, according to the Burton-Prim-Siichter
equation for the effective distribution coefficient, a nonvarying boundary-
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F1c. 6.17. Cooling rates for stable growth . I as for programme I I I of Fig .
6.16(a); I I suggested practical procedure; III for an unstirred solution (Scheel and
Elwell, 1972).

layer thickness and therefore a nonvarying area of the growing crystal face.
These conditions are only fulfi.lled in liquid phase ep itaxy and in such
cases where the application of !arge seed plates is possible and crystal
growth occurs mainly in the direction normal to the seed plate by proper
choice of the seed orientation. In any case a value of a constant linear growth
rate has to be chosen which is equal to or lower than the maximum stable
growth rate for the final crystal size. From this discussion it follows that it
is difficult to obtain the quasi-steady-state conditions necessary for the
growth of !arge crystals of homogeneaus dopant concentration or of
homogeneaus solid solutions, and th e experimental conditions required
are discussed in the next chapter.
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6.6.2. Stirring in flux growth
Thc desirability of stirring for the achievement of stable growth at relatively rapid rates has been mentioned in the discussion of the examples in
Section 6.4, and stirring techniques are discussed in the next chapter.
In the great majority of experiments, some stirring action is achieved by
natural convection. The role of natural convection in crystal growth has
been reviewed by Cobb and Vlallis (1967), Parker (1970), Wilcox (1971),
and Schulz-Dubois (1972).
The onset of convection is normally specifi.ed (Chandrasekhar, 1961)
by thc Yalue of the climensionless Rayleigh m1mber

ga.VLJT

R=K-; -

(6.3Ua)

\\·hcrc !X is the Yolume cxpansion coefficient, L the dcpth, K thc thermal
diffusi,·ity and ,. the kinematic vi~co~ity of the liquid, "·ith iJ T the temperaturc clifference across it. Some critical value of R, depending on an idealized
geometry, must be exceedecl for convection while higher values of R may
Iead to temperature oscillations, or to turbulence at even higher values.
However, in real crystal-growth systems some convection w·ill occur below
the critical R values due to some inevitable asymmetric or reYerse tempcrature gradients clue to buoyancy.
In solutions it is also necessary to consicler thermosolutal convection
d ue to density differences between the solute and solvent. The onset of
solutal convection may be specifi.ed by dcfi.ning a solutal Rayleigh number
R" as

gßVLJn
R , = - -K_,v

(6.3Ub)

whcrc ß is the rate of change of density with concentration, LJn the solute
concentration difference across the liquid and K, the diffusivity of the
solute. Since K, is normally lower than the thermal diffusivity K by some
orders of magnitude, convection is highly probable in solutions even if the
temperature gradient is in the "wrong" direction. Oscillations are particularly likely in solution due, for example, to "overstability" which can
occur when a destabilizing temperature gradient is opposed by a solute
gradient (Jakcman and Hurle, 1972).
Even for pure melts, it is difficult to obtain a reliable expression for thc
rate of convective flow of the liquid. Cobb and Wallis (1967) derived a
simple expression for the flow rate of a liquid, unbounded in the horizontal
direction, between horizontal plates differing in temperature by LJ T. The
a\·erage flo\\- rate u \\·as estimated as
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u =__!5__ [0.208(R) 1i 4 -1]

p. ,.LCp

(6.31)

where C1• is tht: specific heat of the liquid and R the Rayleigh number.
Figure 6.18(a) shows the value of u as a function of the liquid depth L for
various values of the convection parameter a = R j L 3 and for a fixed valut:
of LJ T = 10°C. Except for very low values of L, where u increases very
rapidly, the solution flow rate is seen to remain between roughly 0.01 and
0.04 cm s- 1 • Figure 6.18(b) shows the convection flow rate versus temperature difference LJ T for a typical value of a = 1500. The latter is limiteu
in a crystal-growth experiment because of nucleation at high values of LJ T,
and therefore this possibility of increasing u is also limited. Maximum
rates of thermal convection flow in high-temperature ionic solutions will
be of the order of 0.1 cm s- 1 and in metallic solutions ont: order of magnitude faster.
From the examples illustrated in Fig. 6.16, it is clear that such values
of the flow rate are too low for stable growth of a few !arge crystals per
crucible, and so forced convection by stirring is desirable where possible.
Stirring may be achieved by rotating a seed crystal as in the top-seeded
solution-growth (TSSG) technique and the resulting flow patterns havt:
been studied by Robertson (1966) and Carruthers and Nassau (1968) using
an aqueous analogue. Stirring may be enhanced by occasional reversal of
the seed rotation (Miller, 1958; Senhause et al., 1966) or of the crucibk
rotation direction (Nassau, 1964; Bonner et al., 1965; Schroeder and
Linares, 1966 ). This TSSG technique is restricted to soh·ents of lo\\
volatility and is therefore not applicable to PbOJPbF 2 and many other
widely used solvents.
The problem of stirring a corrosive liquid at high temperatures is by no
means simple. Serious problems are associated with sealing the crucibk
and stirring the solution in a sealed crucible at high temperatures or with
the corrosive solvent vapours. The only really effective method proposed
to date is the accelerated crucible rotation technique (Scheel and SchulzDuBois, 1971; Scheel, 1972) in which the rate (and frequently also the
sense) of crucible rotation is varied continuously (but not abruptly as in
the crucible reversal mentioned above) and the inertia of the liquid used to
promote mixing. Experience from aqueous solution growth indicates that
flow rates of 10-50 cm s- 1 are desirable and the practical realization of such
conditions will be discussed in the next chapter.
An alternative approach to the problem of non-uniform solute flow has
been proposed by Tiller (1968) and is illustrated in Fig. 6.19. He suggested
the use of a convection-free cell with a seed crystallocated inside a platinum
tube inserted into a well-mixed solution. Convection is prevented by
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FH;. 6.19. Convection-free cell (I) in a stirred solution (II) (Tiller, 1968).

baffies across the end of the tube and a uniform f!0\1 of solute to thc sccd
by diffusion may be realized. This method does not yet appear to han:
been tested in practice on Earth but could give stable growth if technical
problems and problems associatecl 11ith heat conduction through the
platinum tube (ancl nucleation on the tube) could be solved. The growth
rate woulcl, however, be appreciably lower than in a stirred solution.
Interesting results on convection-free growth may bc expected from the
Skylab experiments where convection cloes not occur due to the near zero
gra1·ity in space.
6.6.3. Temperature control and distribution

The importance has been stressed of using the best possible controller to
regulate the temperature of the furnace. Commercial controllers using
saturable core reactors or thyristors can give regulation to ::: 0.1 cc and
their ready availability has greatly contributed to a continuing improYement in crystal size ancl quality. However a high degree of control is
pointless if temperature oscillations clue to convection overstability are
present in an unstirrecl solution . Smith and Elwell ( 1968) measured
oscillations of amplitude 0.5 °C in a solution of NiFe 2 0~ in Ba0.0.62B 2 0:1
at 1200°C with a melt depth of about 3 cm. The amplitude of these oscillations was reduced to some extent by rotating the crucible (see Section
9.2.4).
By effective stirring such temperature oscillations coulcl be prevented
so that exact temperature regulation becomes meaningful. I t is technically
clifficult to measure small temperature fluctuations in stirred high-temperature solutions but estimates of Schulz- Du Bois ( 1972) ancl Scheel ( 1972)
inclicate a high degree of temperature homogenization, for instance by the
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accelerated crucible rotation technique, and this applies also to other
stirring techniques which dominate the hydrodynamics in the hightemperature solutions.
From thc discussion of the supersaturation-gradient criterion it is
e\·ident that the temperature gradient at the crystal surface is of major
importancc in determining the crystal quality. In theory a Yery !arge temperature gradient is desirablc so that stable growth will be possible at high
gro\\th rates but in practice a compromise is always used because of an
adverse effect on the crystal quality. A !arge gradientwill result in a high
degrec of strain and so more dislocations will bc produced in the crystal.
In top-sceded growth ,,·h ere the temperature gradient at the crystal can be
varied by changing the depth of the crystallizing interface bclow the
liquid len~l and by altering the degree of coolant flow through the seed
holder, a high cooling rate is often found to result in nucleation at th e edges
of the crystal and it is important to ensure that the radial temperature
gradient across thc surface of the solution is not too great.
Similar considerations apply to growth by spontaneaus nucleation ,,·here
localized cooling is used. Measurements of the optimum temperature
distribution for the growth of garnet crystals at the base of a crucible have
been reported by Talksdorf and Welz ( 1972).
6.6.4. Mechanical disturbances
Thc concept of a metastablc region of supersaturation gradient suggcsts
that instability \\ill be favoured if the growing crystal is subjected to
mechanical shock, ,,·hich will tend to nucleate any instability. This view
is supported by the experience of the authors with both growth by spontaneaus nucleation and by top seeding. In the former case the size of
inclusion-free regions was found to be increased by a factor greater than
t,,-o ,,·hen the furnaces were mounted on antivibration supports inside
closed meta! cabinets. In top-seeded growth, a gradual deterioration in
crystal quality and an increase in the nucleation of secondary crystals on the
edge of a seed have been noted as the seed rotation mechanism becam e
warn.
The practical aspects mentioned abO\-e will be discussed more fully in
the next chapter.

6.7. Summary
Theoretical treatments of the growth of spherical and cylindrical crystals
indicate that these will be stable only up to a critical radius, which will be
increased by interface kinetics and surface diffusion.
In the case of a plane crystal surface growing in solution, unstable
growth ma y result if therc exists a supersaturation gradient ahead of thc
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interface. A solute gradient associated with the volume-diffusion proccss
will inevitably be present and a supersaturation gradient may be avoided
only by the application of a sufficiently !arge temperature gradient. The
experimental observation of inclusion-free growth in very small or negative
temperature gradients may be explained by the assumption of a metastabk
region of supersaturation gradient. Stabilization is believed to result
primarily from the kinetic mechanisms on the low-energy habit faces
normally exhibited by solution-grown crystals.
An important factor when polyhedral crystals are considered is the
difference in Supersaturation between the edges and centre of any facc .
This supersaturation inhomogeneity may be offset by a higher kinetic
coefficient at the face centres due to curvature of the vicinal face or to a
higher concentration of active growth centres. Stirring the solution is
desirable in order to minimize the Supersaturation inhomogeneity. Even
in well-stirred solutions with a !arge stabilizing temperature gradient, it is
Iikely that there will exist for any material an ultimate rate of stable growth.
For the experimental attainment of stable growth, precise temperaturc
regulation is required and mechanical shocks should be prevented. Thc
maximum growth rate may be increased by the application of a sufficicntly
!arge temperature gradient and by stirring the solution.
A considerable body of evidence has been presented to demoostrate that
the maximum stable growth rate decreases with increase in crystal sizc.
Temperature programmes for crystal growth by slow cooling have been
presented which are based on the requiremcnt that the growth rate should
never exceed its maximum stablc value.
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I t is mentioned several times in the book that the experience obtained frorn
crystal growth from aqueous solutions can be applied to HTS f growth .
The same is partially true for the experimental techniques. Therefore it is
good practice for scientists and technicians entering the field of HTS
growth to obtain some experience with solution growth at low temperatures
where the growing crystals may be readily observed. For this reason,
reference is made below to a few books and review papers which deal with
experimental techniques in crystal growth from (aqueous) solutions: Brice
(1973), Buckley (1951), Crystal Growth (1949), Gilman (1963), Haussühl
(1964), Holden and Singer (1960), Khamskii (1969), Mullin (1972),
N euhaus ( 1956 ), Smakula ( 1962), Tarjan and Matrai ( 1972), Van Hook
(1961) and Wilke (1973).

t

HTS high-temperature solution(s).
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EXPERIMENTAL TECHNIQUES

This chaptcr deals first with the principles and with thc main factors
which have tobe taken into account when !arge crystals of high quality are
tobe grown. HoweYer, the conditions for stable growth ha,·e been discussed
in Chapter 6, and several aspects that arerelevant to cxperiments have becn
mentioned in Chapters 3, 4 and 5.
'The sccond part of this chapter treats high-tempcraturc technology as
far as is necessary for HTS growth. In particular the attainment and control
of high temperatures, the crucible problems and stirring techniques are
discussed in some detail.
In Section 7.3 a discussion is given of special techniques and of somc
relatiYely unusual aspects, including a speculativc treatment of some
possible techniques for future developmcnt.
7.1. Principles
7.1.1. Metastable region, nucleation, seeding

A typical example of a phase diagram used in crystal growth from HTS is
shown diagrammatically in Fig. 7.1. The solvent can be an element, a
compound or a combination of compounds. The solute is an element or a
cornpound with a mclting point generally higher than that of the

~olvent,

but in principle one could consider growing crystals from eutectic systems
TEMPERATURE
Metostoble
supersoturoted
solution
LIQUID
TL
(undersoturoted solution)
\

I

SOLUTE +LIQUID
I
I
I
I

TEUT.

__ V ____

ISOLUTE+SOLIDIFIED SOLVENT

nc
SOLVENT

no
COMPOSITION

SOLUTE

f1c:. 7.1. Typical eutectic phase diagram showing the metastable OstwaldMiers region and crystal growth by slow cooling (I), by solvent evaporation (2) and
by gradient transport (3).
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in which the "solvent" has a higher melting point. As described in Chapter
3 the liquidus temperature curve is given, at least approximately in the
majority of cases, by the Van't Hoff equation.
A solution of composition nA equilibrated at the temperature TA can be
cooled, in the absence of seeds and agitation, to the temperature T 8 at which
spontaneaus nucleation occurs. In the region between the liquidus line and
the dashed line intersecting B the solution is said to be undercooled or
supersaturated and this region is called the metastable or Ostwald-Miers
region. The metastability results because a nucleus of critical size must be
formed before crystalline material is precipitated, as discussed in Section 4.2.
Metastability is a very complex phenomenon and it is still difficult to make
reliable statements on the factors which critically determine the width of
the metastable region. In addition, experiments are often difficult to
reproduce and disagreement has often been reported between the results of
workers who studied nucleation in aqueous solutions. It is, however, clear
that the width of the metastable region will be greater if the build-up of
high local solute concentrations can be avoided. A broad metastable region
is therefore favoured by a small solution volume, a high viscosity and a low
solubility. In addition the complexity of the solute and of the solution
appears to have an important influence, as will be discusscd latcr in this
section. The time dependence of nucleation should also be included in any
discussion of metastability (see Eqn 4.11 ).
The metastable Oswald-Miers region is of paramount importance for the
crystal grower since for the growth of )arge crystals the experimental
conditions must be controlled to such an extent that no unwanted nucleation
can occur. Homogeneaus nucleation is rather improbable in practical
crystal growth experiments and will only occur in highly super saturated
solutions. Generally heterogeneaus nucleation occurs on the container
walls or at the surface of the solution, assuming that no undissoh·ed
particles are present.
As indicated by curve 1 of Fig. 7.1, continued slow cooling of the solution
from temperature T 8 is accompanied by crystal growth at much lower
supersaturation because of the presence of the crystals which nucleated
at B. 1f solvent is evaporated at constant temperature ( curYe 2 of Fig. 7.1)
the metastable region is passed and nucleation occurs at D. A.lternatiYely,
as in 3, the solvent is tr.ansported from a hotter (saturated) to a cooler
(supersaturated) region.
According to Neuhaus (1956) the width of the metastable Ostwald-Miers
region in growth from aqueous solutions depends on the nature of the
crystallizing substance, on the degree of agitation and on additives, as
demonstrated in Figs 7.2(a) and (b). Figure 7.2(a) indicates that the width
of the metastable region increases with increasing degree of "complexity"
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PROBABILITY
OF
SPONTANEOUS
NUCLEATION

zRr

withoul slirring
wilh stirring

(a)
SUPERSATURATION

PROBABILITY
OF
SPONTANEOUS
NUCLEATION

(b)
SUPERSATURATION

F1c. 7.2. (a) Probability of spontaneaus nucleation as a function of agitation and
of "complexity" of participating substance (Neuhaus, 1956). (b) Probability o f
spontaneaus nucleation in relation to the type of additive for the example of NaCl
crystallization from aqueous solution (Neuhaus, 1956).
(!\aCI - -K:-..i0 3 - - KAI(SO~)~ · 12H 2 0), whereas stmmg produces the
opposite effect. The role of additives on the habit is discussed in Chapter 5.
Here the role of additives in generally increasing the width of the
metastable region is shown by Fig. 7.2(b). Neuhaus attributed the etfect of
urea to complex formation in front of the growing crystal, whereas dextrin
is said to increase the width of the metastable region by increasing the
Yiscosity.
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It would be interesting to establish more quantitatively the relation
between the width of the metastable region and such factors as the chemical
anJ crystallographic "complcxity" of thc crystal, thc spccics prcscnt in thc
solution, the viscosity and the degree of agitation.
In high-temperature solutions the width of the metastable region \·aries
from 1 to 100°C, and very viscous systems (e.g. borate solutions) can br
quenched as glasses. As discussed in Chapter 3, there seems to be a
relationship between complex formation in the solution and the width of
the metastable region . Qualitatively one is tempted to say that missing
"complexity" of the crystals might be the cause of the difficulty in
obtaining !arge crystals by flux growth of the simple compounds Ti0 2,
Zr0 2, Beü, whereas it is becoming easier to grow !arge crystals with
increasing "complexity": GdV0 1 , SrTi0 3 , GdAI0 3 , Y 3 AI 5 Ü 12 , Y 3 Fe 5 Ü 1 2,
Pb 3 MgNb 2 Ü 9 • On the other hand there are many other factors which
influence nucleation phenomena, for example complex formation in front
of the growing crystal.

MOLTEN SALT

- Pt SEED HOLDER

-Pt STIRRER

Pt

ALUNDUM
CEMENT

CRUCIBLE

Pt WIRE

GROOVED
ALUNDUM CORE

F1 r: . i.3. Y 3 Fe ,0, 2 -crystallization on a rotating seed, with nutricnt m the
hotter zone (Laudise, 1963).
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7.1. Crystals Prcpan:d by Top-seeded Solution Growth by the Slow-cooling Tcchniquet

Crystal
KNbO,.
K(Nb, Ta)O,
BaTiO,.
BaTiO,
NiFe 20,
KTaO,.
K(Nb, Ta)O"
K(Nb, Ta)O"
Ba 2Zn,Fe, 2Ü2 2
KTaO,
(Ba, Pb)TiO,
(Ba, Sr)TiO"
KTaO,.
K(Nb, Ta)O"
Pb:~MgNb 2 0,

Ge0 2
K(Nb, Ta)O"
Bi,Ti,.0 12
Gd 2(Mo0,):.
KNbO,.
SrTiO,.
Y,Ti 20,
Ba 2MgGe 20,
(Ca, Sr, Ba)Y 2(Zn, Mg),Ge,.O.,

Solvent
K2CO"
K 2 CO,.
BaF,
TiO,
Na 2Fe,O ,
K,CO"
K,CO"
K,CO"
Ba2B,O,
K2CO,.
BaB 20, - PbB,O,
TiO,
K2CO"
K,CO"
Pb0-B 20,.
Na-germanate
K2CO,.
Bi,O,., Bi,O:.-GeO,,
Bi,O,.-MoO,.
MoO,.
K,CO,.
TiO,
TiO, I Ba-borate
GeO,
Ca(Sr, Ba)O -t GeO,

t

Refcrence

Size

!Vliller (1958)
Triebwasser ( 1959)
Linares (1960)
Von Hippelet al. (1%3)
Kunnmann et al . (196.1)
Wempie (1964)
Bonner et al. ( 1965)
Wilcox and Fullmer ( 1966)
Aucoin et al. (1966)
Senhouse et al. (1966)
Perry ( 196 7)
Bethe and Welz ( 1971)

12- 15 g
7.5 g
20 :, lümm
I cm"
14

-<

14 x 12mm

lOg
~15

x IOmm
~8 -<8 x 8mm
280 g

I

75 ,< 60 x 25mm(l300g) f

Bonnerand Van U itert(l967)
Coodrum ( 1970)

~lcm"

3- 10 mm

}
2cm"
14 -< 14 x 6mm
> I Cl11"
> I cm"
> I cm"

For experimentaldetailssec C hapter 10.

Bonner et al. ( 196 7)

3:

m

z

...;

>

r

1"1

g
Z

Epstein ( 1970)
Hurstand Linz(l971)
Belruss et al. (1971)
Bclruss et al. ( 1971)
Bclruss et al. ( 1971)
Bclruss et al. (1971)
N

00

w
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TABLE 7.2. Crystals Prepared by Top-seeded Solution Growth by the Gradient
Transport Techniquet
Crystal

Solvent

YaFe,O,"
Y aFe.0 12
YaFe,0 12
Y 3 Fe,O,"
NiFe,O,
K(Nb, Ta)O,
(Zn, Mn) 2 Ba 2
(Fe, Mn)"O"

BaO x 0.6B"O"
BaO x 0.6B,O,.
BaO x 0.6B 20,.
BaO x 0.6B 2 Ü 3
BaO x 0.62B"0 3
K,CO,.

20 x 20 x 10 mm
10 x 8 mm
~1 cm 3

Linares (1964)
Kestigian (1967)
Bennett ( 1968)
Talksdorf (1974b)
Smith and Elwell (1968)
Whipps (1972)

BaO x O.SB,O,.

~15 x 15 x 4

Talksdorf (1973)

t

Size
~10

x 10mm

~40 x 10mm

Reference

For experimental details see Chapter 10.

The temperature control requirements necessary for stable and homogeneous growth (see Chapter 6 and Chapter 7.1.3) are normally much more
stringent than those necessary to prevent spontaneaus nucleation. This
implies that if spontaneaus nucleation occurs during the growth of a crystal
then its quality is often bad due to formation of inclusions and striations.
The growth of !arge crystals is fa,·ourcd by thc usc of secd crystals, which
is common practice in crystal growth from aqueous solutions. However,
in high-temperature solutions technical reasons make the use of seeds very
difficult. Since the seeds cannot be observed in the (platinum) crucibles
and in the opaque solutions the solubility curve has to be known Yery
exactly and the conditions carefully adjusted in order to prevent dissolution
of the seed crystals.
Growth on a rotating seed immersed in the solution has been described
by several authors (see Table 7.5), and an example of an experimental
arrangement is shown in Fig. 7.3. Timofeeva and Kvapil (1966) fixed seed
crystals near the base of an unstirred crucible and still observed multinucleation. This shows that seed crystals are only of major advantage when
the solution is homogenized by forced com·ection or when the solution
volume issmall as is often the case in the travelling solvent technique and
in liquid phase epitaxy.
The most popular means of nucleation control is by top-seeding as can
be seen from Tables 7 .I and 7 .2. The arrangement used successfully at
MIT for the growth of several crystals is shown in Fig. 7.4. The position
of the crystal-liquid interface is important with respect to inclusion
formation, dislocation density and maximum attainable growth rate. With
increasing depth of the growth face (in the solution) the temperature
gradient at the interface becomes smaller and the Supersaturationgradient
increases, the stable growth rate decreases, but also the dislocation density
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A)
8)
C)
0)
E)

EXP ERII\1E

TAl. TE C H

z8s

I Q UE

BoTtOs Med
BaT 10, • T iO z me l:
Pt crucib&ti
Zirconio cruc: ible
Zirconia brick post'

F1 CIOoinv l><ick
Gl K- 30 r,,. l><ick

- .. .

~Mirror

~ ·~ ~

\

\ '. I.

TC
control

lGiobor heoter, I of 8

F rc. 7.4 . Arrangement for c rvs tal grow th b v top seedin g (Von Hippe! et al.,
1963; Be lru ss et al., 197 1).

w ill dec rease if inclu sions are not trapped . T he temp erature g rad ient also
cl et ermin es th e clegree of facetting as di scussed by W ilcox ( 1970). The
techniqu e of g rowth o n ro tating seed crystals at th e top of a so luti o n , w ith
o r with out withd rawa l, has been g i,·en a variety of names (Czoch ralski ,
Ky ropo ul os, pu lling from so luti on etc.), but it seems th at th e te rm topK2
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seeded solution growth (TSSG) first introduced by Linz et al. ( 1965), and
described in detail by Beln1ss et al. (1971 ), is becoming increasingly
popular and is thereforc adopted in the following discussion.
The size of seeds used in HTS growth has to be a compromise between
various requirements. As is discussed in Chapter 6 and may be seen from
the topographs of Chapter 9, edge and spiral dislocations propagate from
the seed in a direction approximately normal to the growing faces. The
high-quality (nearly dislocation-free) regions between these dislocation
bundles are obviously !arger when small seeds are used.
Small seed crystals, on the other hand, have the disadvantage of being
easily dissolved and also require an extremely low Supersaturation if the
maximum stable growth rate is not to be exceeded (see Section 6.6.1 ).
Therefore one has to choose the optimum seed size in relation to the
solution volume and the degree of control over the supersaturation. If !arge
samples are available for use as seeds, it is advantageaus to use seed plates
ofthat crystallographic orientation which is optimum with respect to low
impurity incorporation, high stable growth rate, and the intended
application; good examples of the application of these criteria are providcd
by the hydrothermal growth of quartz crystals ( Ballman and Laudise, 1963)
and by the growth of ADP from aqucous solution (Egli and Johnson, 1963).
In LPE-grown layers of magnetic garnets the orientation-dependent site
preference of several ions is used to optimize the properties of the magnetic
bubble domains as will be mentioned in the next chapter. As is well-known
from crystal growth from aqueous solutions it is desirable to etch the seeds
(to dissolve the damaged surface layer and to remove adsorbed impurities)
before growth is commenced in order to obtain high quality material.
The mounting of seed crystals in ftux growth of oxides normally
necessitates the use of platinum wire. Since pure platinum is Yery soft at
the temperatures used and since the wire has tobeasthin as possible, it is
proposed to use alloys of platinum with 1- 10% rhodium or iridium. Thc
wire thicknesses should range from 0.1 to 0.5 mm depending on the size of
the seed, degree of stirring and the length of the experiment. If the seeds
are immersed in the high temperature solution it is generally desirable to
drill a hole into the crystal so that wire may be inserted for fixing to the
seed holder. The alternative of wrapping the wire araund the crystal is
disad\·antageous since the crystal may become loose when an outer layer is
dissolved during the first stage of the experiment. Examples of seed
mountings for top-seeded solution growth are shown in Figs 7.5 and 7.6.
For growth from metallic solutions a seed holder may be ground from
graphite, boron nitride or alumina. The seed may be conveniently held by
a peg of the same material as the holder, vvhich is inserted through a
horizontal hole in the seed and the holder.
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Air

l

!!
Twisted plotinum
olloy wire
Ba Ti 0 3 crystol ot end
of experiment

Jiillflllllllllfl

0

1cm

Fll;. 7.5. Seed mounting for growth of llaTi0 3 by top-seeded solution growth.
(Courtesy .-\. Linz and \" . Belruss, MIT.)

The difficultics mentioned aboYe and thc high-,·apour pressure of many
HT solvents ha,·e preYented a wide application of seeding, especially when
Supersaturation is achieved by slow cooling or by solvent evaporation wherc
a number of additional crystals are generall y produced by spontaneaus
nurleation. A technique to reduce the number of nuclei after their formation
is based on the ,·ariation of the surface energy of a crystal with the crystal
radius. Jf the temperature of a supersaturated solution is held constant for
a long time, the small crystallites will be dissolved and the size of the !arger
crystallites will increase. Howewr, the effectiYeness of this process
diminishes as the crystallites attain macroscopic dimensions, and it is
significant onl y in solutions which contain a !arge number of crystals.
The reduction of the number of nuclei can be enhanced by thc temperature cycling technique which was proposed by Schäfer (1964) for
chernical transport reactions and by Hintzrnann and Müller-Vogt (1969)
for high-temperature solutions. The latter authors used temperaturc
cycling during the "·hole cooling cycle whercas Scheel and Elwell (1972)
argued that tempcraturc oscillation is only ath·antageous in the first stagc
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Plotinum
tubes

Plotinum
wires

Plotinum rod
(welded to the tube)
Plotinum wire

Seed

Seed

(a)

(c)

Plotinum
rod

Plotinum
wires

Plotinum
wire

Seed

(b)

Seed

(d)
F1c. 7.6. (a)-(d) Examples of seed mounting .

of the experiment when nucleation occurs. This is demonstrated in
Fig. 7.7, which shows the procedure of Scheel and Elw ell. First the mixture
of solt1te and solvent is held at the temperature A, about 50° abO\·e the
liquidus temperature T 1,, for about 15 hours (the "soaking period") in order
to ensure complete dissolution. Then the temperature is lowered to C,
a temperature significantly below TL and TM, the temperature of the Iimit
of the metastable region. Most of the crystallites formed during this initial
cooling are dissahred when the melt is heated to C. This procedure is
repeated ( -?C' - ·E --,·C" - /J according to the dashed line) until a tempera-
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TEMPERATURE (K)
1650

-A

1600

1550

24

48

72

96

120

TIME
(HOURS)

F1 c . 7.7. T empe rature cycl ing at th t: sta rt o f a slow cooling ex periment in
o rd e r to d ecrease th e numbe r of spontaneously nucl ea ted crysta ls (Scheel and
Elwell, 1972).

ture belo-w TL is reached suchthat only a few crystallites have "survived" .
Then th e temperature programme as desc ribed in Section 6.6.1 is started
from J. I f th e temperatures T1~ and T. 11 are accurately known, th e procedure
should foll ow the full line (A -C -~ D -- E -F) so that programmed cooling
starts after th e minimum period required for dissolution of the smaller
crystallites.
D epending on th e temperature gradi ents in th e crucible, nucl eation
occurs at th e surface (which is also th e favo ured location in the case of
solvent evaporation because of high local supersaturation) or at the crucible
walls. In order to provide a preferred site for nucleation localiz ed cooling
has been proposed in several papers and has been used in melt growth by
the classical techniques of Bridgman, Kyropoulos and Czochralski.
A "cool" spot or reg ion can be provided by an air jet (Chase and Osmer,
1967; Grodkiewicz et al., 1967 ; Scheel, 1972), by fixing cooling fingers
(heat sink, ceramic rod , heat pipe) to the crucible wall, or by placing th e
crucible into an appropriate temperature gradient (by suitable choice of
position in th e furnace with respect to the heating elements). For example
nucleation at the bottom of th e solutionwas achieved by Linares (1967) and
by many other authors, but in most cases multinucleation occurred.
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K vapil ( 1966) and John and K vapil ( 1968) used a baffie above the cooln
base in order to reducc the m1mber of nuclei as shown in Fig. 7.8. Th ey
also applicd a hydratdie scal in ordcr to prcvcnt solvent cvaporation.
However, cooling of the base is often disadvantageaus in stationary
crucibles: the homogenization of the solution by natural convection is
minimized (see Chapter 6), and the stable growth rate is low. Therefore
localized cooling of the crucible base is only effective when the solution is
homogenized. With nonvolatile solutions a stirrer can be applied, and with
volatile systems where the crucible has to be sealed the stirring technique
of Scheel (1972) by accelerated crucible rotation (see 7.2.7) is very effecti\e
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F1r.. 7.8. Reduction of the number of crystals nucleated at the cooler base hy
a hafHe. Flux evaporatinn is minimized by a hydrauli<.: seal (h: vapil, J<)(,(J; John and
K vapil, 1968).

so that by proper control of the experimental conditions one or a Ycry fe\\
crystals are spontaneously nucleated on the cooled crucible base.
However, stirring of the solution has to he smooth; with strong agitation
or by shaking of the solution the width of the metastable region is made
extremely small, and multinucleation will occur due to local density
fluctuations and to collision of the crystallites among themselves or with
the container or stirrer. An effective technique of nucleation control was
applied by Bennett (1968) and by Talksdorf (1968) and is schematically
shown in Fig. 7.9(a)- (d). The crucible is contained in a high-temperaturc
furnace . After soaking (a) the solution is cooled until either the saturation
point is exactly reached or until spontaneaus nucleation has occurred (b ).
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Seed crystol
Plotinum
crucible with
welded Iid
Ceromic

(a)

Unsoturoted
solution

(b)

solution
Grown crystol
seporoted from
solution

(d)
FH; , 7.9. Immersion of a sced crystal into a saturated solution. (a) Initial
ar high rcmpcrarun.: . (b) :\ftcr a ccnain Jcgrcc nf cooling spontancous

p<~sirinn

nuclcation occurs at thc hottom, and the cruciblc is irH·erted (c) so that the saturated
solution em-ers the crystal, which grows during continued cooling. (d) .-\fter
tnmination of cnoling thc grow n crystal is separate<.! from the solution by rclllH'rswn of the crucible into thc initial position (ßennett, 1968 ; Tolksdorf,
1968).

The crucible is then im-erted so that spontaneously nucleated crystals are
separated and the seed crystal is immersed in a saturated solution and grows
by continuous cooling (c). At the end of the run the crucible is inverted
again, thereby separating the grown crystal from the solution (d). This
tcchnique in combination with localized cooling and with the accelerated
crucible rotation technique was used by Talksdorf and Welz (1972) to
produce !arge inclusion-free crystals of magnetic garnets for \'arious
applications.
An alternative approach to reduce the number of crystals nucleated,
" -hich has been successfully used in a number of cases, relies upon the
addition to the solution of small quantities of some material which is not
incorporated into the crystal. The most popular additi,-e is 8 2 0 3 which is
thought to increase the width of the metastable region, probably because
of the formation with the various cations of complexes corresponding to the
borates which are stable at lower temperatures. The widespread use of
additi\'es such as 8 2 0 3 has led to the development of empirical Statements
of the form: "'T'he more complex the solution, the greater the solubility and
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the width of the metastable region, and the fewer the number of crystals
nucleated."
Remeika (1970) reported a dramatic decrease in the number of ferrite or
garnet crystals nucleated in a Pb0 /B2 0 3 solvent when 0.1-0.5 % by weight
of V 2 0 5 was added. Similarly Scheel (see Kjems et al., 1973) was able to
prevent multinucleation of LaAI0 3 from a PbO - PbF 2-B 20 3 flux and
therefore to grow !arge inclusion-free crystals when 0.7 wt% V 2 0 5 was
added. The beneficial effect ofthissmall V 20 5 addition is attributed to the
formation of La V0 4-like complexes in front of the growing crystals. If these
complexes are distributed statistically among LaAI0 3 -Iike complexes, they
will tend to retard the formation of critical LaAI0 3 nuclei and hence to
reduce nucleation.
In principle the effect of addition of PbF 2 to PbO could be described in
the same way since it permits the formation of complexes such as LaOF.
According to this model, however, V 20 5 will be particularly effective since
it forms a !arger complex.
Grodkiewicz et al. (1967) reported a beneficial effect for the growth of
!arge garnet crystals of adding several divalent meta! oxides or Si0 2 • The
effect of the latter was confirrned by Page (unpublished, reported by Brice,
1973) who found that the nurnber of Y3 Fe 5 0 12 crystals nucleated frorn a
PbO-PbF 2 flux decreased from 50- 100 when pure ehernieals were used
to 3 or 4 when 0.08 % Si was substituted for Fe in the melt. These
impurities may also act by forrning cornplexes but additional cornplications
arise frorn the tendency of iron in the crystal to exist as Fe 2 ·• or Fe 4 - ions
in srnall concentration. One of the most rernarkable examples of nucleation
reduction has been reported by Robertson et a/. ( 1973), who obserYed the
nucleationof only one yttrium iron garnet crystal frorn a PbO- PbF 2- B2 0 3
flux when growth occurred in oxygen under a pressure of ten atmospheres.
The reduction in this case was attributed to the Iack of crystals of a second
phase which often act as nuclei for garnets.
One point which is frequently neglected in connection with nucleation
control in HTS growth is the quality of the containers. The use of new
platinum containers with polished inner walls generally results in fewer
crystals (by heterogeneaus nucleation) than in crucibles which haYe been
used frequently and which show strong recrystallization and a rough
surface. Platinum crucibles can be re-used (as is necessary because of the
high cost of re-fabrication) when they are carefully cleaned, reshaped and
chemically or mechanically polished as is discussed in detail in Section 7.2.3.
The same arguments apply to other types of container.
Thus control of nucleation in HTS growth is generally problematic and
needs careful control of all chemical and experimental conditions. By
homogenization of the solution and by use of appropriate seeds, !arge

i·

EXPERI JVIENTAL TECHNIQUES

293

crystals can be grown . If spontaneaus nucleation has to be chosen, smooth
stirring of the solution combined with localized cooling will Iimit the
number of nucleated crystals generall y to one or wry few.
7.1.2. Techniques to produce Supersaturation

A.s in crystal growth from aqueous solutions and as is obvious from
Fig. i .I, supersaturation can be obtained by slow cooling ( 1), by sohent
e1.:aporation (2) or by the temperature gradient technique (3) in which nutrient
is held in a hotter region: solution saturated in the hot region is transported
to a cooler region by natural or forced convection and so becomes supersaturated ..\part from these three most popular techniques there are a few
special methods to obtain Supersaturation such as the reaction technique
in \\·hich solute constituents formerly separated diffuse to the region where
reaction ( and crystallization) proceeds. If crystal constituents are transported in the vapour phase to the liquid solution in order to precipitate the
(solid) crystal, this may be termed the VLS t mechanism, which is weil
known as an important mode of whisker growth (Wagner and Ellis, 1964 ).
The temperature gratlient, n:actiun and \·Ls techniques, together with
electrolytic growth will be referred to collectively as transport techniques.
Reaction equilibria which are shifted by means other than by ternperature
change (included under "slow cooling"), solwnt evaporation or temperature gradients include evaporation of "reaction products" and the salting
out effect. The techniques of obtaining supersaturation will be described
according to the following classification:
.\. Slow cooling,

B. solvent evaporation,

C. transport techniques.

The supersaturation value used in an experiment is determined by the
requirernent that the growth rate should not exceed the maximum stable
value, as discussed in Chapter 6. It is not possible at present to give a
quantitative criterion for the maximum supersaturation, apart from that
specified by Eqn 6.26. If the solution, stirring rate, temperature gradient
etc. are optirnized, the supersaturation may ha,·e a maximum value such
that the growth rate obtains its ultimate stable value. Very small supersaturations are, however, pointless since the crystal will exhibit growth and
dissolution Auctuations as shown for Czochralski growth by Witt and Gatos
( 1968) and by Kirn et al. ( 19i2).
In practice the relative supersaturation normally has a value in the region
of 0.1 - 1° ~ , as in aqueous solution growth, although the corresponding
supercooling is appreciably higher at high temperatures. For an ideal
solution with npccexp (- cfJ jRT), the relative supersaturation is

t VLS vapour-liquid-solid.
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L1n
a=

1l c =

c/JL1 T
RT2 .

Thus for c/1 = SO kJ fmole and T = 1200°C, L1 T = 3.6°C for a = 1°10 •

A. Slow cooling. The most common technique for producing supersaturation in flux growth is by slow cooling (see Tables 7.1 and 7.3 and
Chapter 10) where generally a linear cooling rate of 0.2°C h - 1 to 10°C h - 1
is applied. I f inclusion-free crystals !arger than a few millimetres have to
be grown a cooling rate of less than 1
h - 1 is necessary as discussed in
Chapter 6.
The linear growth rate z· (in cm /h) by slow cooling is related to thc
cooling rate (Laudise, 1963; Cobb and Wallis, 1967) according to

oc

"" =
<

~

(dn,)(c[_f)
dt '

Ap dT

(7.1)

where V is the volume of solution (cma), A the area of the growing crystal
(cm 2 ) and p its density (gcm - 3 ), dn, /dT the change in solubility per degrec
[g cm - 3 °C - 1 ] and dT jdt the cooling rate in °Cjh. ObYiously, Eqn 7.1 only
holds when all the soh1te precipitated is deposited on the crystal.
The optimum cooling rate for stable growth as a function of Yarious
growth parameters is also discussed in Chapter 6. I t was shown that a
constant linear growth rate and therefore a cubic decrease of tempcraturc
with time will cause unstable growth. Scheel ancl EI weil ( 1972) and Poh I
and Scheel ( 1975) have shown that the temperature regulation and thc
coo1ing rate have tobe adjusted in such a way that the slope of the effecti\-e
cooling cun·e (including any oscillations or fluctuations) ne,·er cxceeds thc
s1ope of the calculated optimum cooling curYe for stable growth at thc
corresponding temperature. The generat rule is that the slm\Tr the growth
rate the better ancl !arger the crystals. 1-!oweYer, one has to find a
compromi~e between the slow cooling rate and the correspondingly lang
duration of an experiment. Also Laudise (1963) stressed thc fact that
cooling rates which are not at least comparable ,,·ith thc tcmperaturc
fluctuations due to inaccurate regulation are pointless ..-\ \-cry slow initial
cooling rate is impractical for the (normal) case where the super-solubility
curve is not known with sufficient accuracy and much time is lost beforc
nucleation starts.
The ad,·antages of the slow cooling techniquc are:

1. That a closed container (sealed crucible) can be usecl thereby preventing
evaporation of volatile ~olvent or solute constituents which are poisonous
or corrosive and which cause uncontrolled supersaturation.
2. The technique is relatively simple for the growth of crystals up to
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5- 10 mm size. For !arger high-quality crystals the etfort on apparatus,
tempcraturc regulation and programming has to bc incrcased.
3. Thc s]m,· cooling tcchniquc is \Try suitablc for nploratory materials
research. lt is usually simple ta crystallize known crystals ancl also new
phases in sizes fram 2 ta 5 mm, which are suitable for X-ray structure
cleterminations ancl a number of physical measurements.
The slow cooling technique has se,·eral disaciYantages which arise from
the continuously changing growth temperature:
I. The concentration of equilibrium clefects varies through the crystal
(ho,,·eyer for a typical temperature range such as 1500°K to 1200°K
this is generallynot critical).
2. The concentration of incorporatecl impurities ancl clopants changes
accorcling to the ditferences in the solubility behaYiour of the solute ancl
the dopants or impurities. Frequently this is manifestecl in the shifting
of equilibria in the solutions as discussed in Sectian 3.4. For example,
it is extremely clifficult ta produce homogeneaus chromium cloping in
:\1~0 3 and other oxides by the slow cooling ted111iyue and th<.: solYent
e\·aporation or transport techniques are then preferable.
1. Far the preparation of solid solutions the same arguments as above for
dopants hold, only the etfect on the composition is more clrastic. In
Section 7.1.3 the techniques to obtain homogeneous solid solutions will
be cl iscussed.
4. Frequently in slow-cooling experiments unwantecl phases appear (sometimes "non-reproclucibly" or clepending an the crucible size: the
explanation is uncontrollecl evaporation of a soh·ent constituent as in
the case of Y 3 Fe 5 Ü 12 crystals grown from PbO-Pb F 2- B2 Ü 3 flux where
magneto-plumbite, YFe0 3 or Y~ 0 Ü 16 F 28 are the unwanted phases, !Iee
Talksdorf ancl Welz, 1972). Reproducibility is an absolute necessity and
can in this case be achiewd by sealing the crucibles by welding and by
careful control of all parameters including the purity of the chemieals
used .
.-\ccording to the degree of nucleation control the following Yersions of
the slow-cooling technique can be distinguished:
Spontaneaus uncontrolled nucleation (Table 7.3).
Reduction in the 11L1mber of crystals nucleatecl by an oscillatory
temperature variation at the start of the experiment.
I .ocalized cooling.
Localized cooling and ACRT stirring (see Section 7.2.7).
Bennett-Tolksdorf seeding technique (with and without .-\CRT).
Top-seeded solution growth.

TABLE 7.3. Examples of C rystals Grown by the Slow-cooling Technique and S pontaneaus Nucleationt
Crystal
AI ,O,.

Solvent

Size (mm)

BaTiO,.
BeO
C (graphite)
Cd ,_xCuxCr,Se,
CdS
GaFeOa
GdA IO,
Gd 3 Fe,O"
Gd,Ga,O,,
In ,O,
LaB,
LiFe,,0 8
Mn,O,
Mn Te
NaCrS,
Y,AI,O"
Y,.Fe,O ,,
Y, Fe ,O"
Y,.Fe ,O"

PbO /B,O,.;
PbF,
KF
Various
Fe, Ni
Cd C l,
Na,Sx
Bi,O a!B iF,.
PbO/PbF,/B,O,
PbO lB,O,.
PbO /B,Oa
PbO/B,Oa
La
PbO /B,Oa
PbF, /Pbü
Te
Na,S .,
PbO!PbF, B,O,
PbO /PbF,/B,Oa
PbO !PbF, /B,Oa
PbO 'PbF, 8,0"

Y,Fe,O"

PbO .'PbF,

~

Y ,.Fe,O"

PbO/Pbf, ,B,Oa

30

Y.Fe,O"
Y,Fe, . 8 Ga ,. 2 0,,

PbO /PbF,
PbO /PbF,I B,Oa

60
JO

ZnO

PbF,

50

Remarks

30

Plates

34 X 24 X 0.4
10
30 X 0.5 X 0 .5
3-4
15 X I X I ; 5 X 5
12 x 6 x 6
35 Y 30 X 25
10
8
10 X 10 ,, I
S- 8
20
JO X JO
50 X 1 5 X J5
20 X 20 X 0 .2
50
~300g
~60

57 g
30 / 25 / 25
X

X

X

25
50
25

X

X
Y

25
25
25

Butterfly twin
Prisms

)o'

0.2

Prisms , plates
210g,ACRT

ACRT
Plates
Large crucibl e
Large crucible
Large cru cible
Bennet-Tolksdorf
nucleation control
(49 g) nucleation
control
lnclusion-free,
AC RT
250g, ACRT
Inclusion-free
AC RT

t For experimental details and for referenccs sec Chaptcr 10.

Referencet
Nelson and Remeika (1964),
Whiteand Brightwell (1965)
Remeika (1958)
Newkirk and S mith (1965)
Austerman et al. (1967)
Tyco (1971)
Scheel ( 1974)
Linares (1962)
Sch eel (1972)
Remeika (1963)
Remeika (1963)
Remeika and Spencer ( 1964)
Deacon and H iscocks ( 197 1)
Pointon and Robertson (1967)
Wanklyn (1972)
Mateika ( 1972)
Sch eel (1974)
Grodk iew icz et a/, (1967)
N ielsen ( 1964)
Grodk iewicz et al . (1967)
Bennett ( 1968)
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B . E-mporation of soh·ent. Solvent e\·aporation, the basis of common salt
production for thousands of years, has also been frequently used in crystal
growth from HTS. In this case th e linear growth rate of the crystal is
giwn by
1' =

;·idd~)

(7.2)

with the symbols corresponding to those of Eqn 7.1, so that dVjdt is the
soh·ent evaporation rate.
Flux evaporation has been systematicall y used by Tsushima (1966) ,
Grodkiewicz and .1\itti (1966), Roy (1966), \\1ood and White (1968) and
by Webster and White ( 1969). The techniqu e has been especiall y used
for compounds which react with the solvent at lower temperatures
(Ti0 2 + Pb0

< l~on ,- PbTi0 3 ;

Hf0 2 + Pb0

1200

<

,\_ PbHfü 3 )

or for a

cation of which the ,·al ence state changes by oxidation at lower temperatures

Cr~ ··

(

TABLE

C rystal
- - --

< ' I I OO ' l'

7 .4. C rystals Prepared by th e Solvent Evaporation T echniqud
Size

Solvent
-

8aTi0 3
8aTiO"
In,O,
TiO, _x
Fe,O ,
Cr,0 3
VO ,
8aAI.,O ,.
Al,0 3
ZnAI,O,
ZnMn,O,
CoMn,O,
LaAI0 3
HfO,
ThO ,
TiO,
AI,O ,.: Cr
YCr0 3
MgO
SrSO,
8aSO,
Pb SO,

)

- - - - · Cr 6 t , see Section 3.4 . Roy (1966) stressed the

Reference

-

8aCI,
8aCI,
8,0:1
Na,8 .o, ..
~a , 8,0,.,

Na,8 ,0,"
v ,o .
PbF,
PbF,
PbF,
PbF,
PbF,
PbO + PbF,
PbF,- 8,0:~

PbF,PbF,PbF,PbF,PbF,

B,O"
8,0"
8,0"
8,0"

N aCI}
N a Cl
Na Cl

fewmm
few mm
few mm
fewmm
fewmm
2 x 2 ' 0.1 mm
10 " 10 >- I mm
1 >- I x I mm
2 ' 2 x 2 mm
2 x 2 x 2 mm
3 x 3 x 0.4 mm
-l g
-5 mn1
-2mm
57 ·. 2mm
7 · 4mm

few mm

t

Timofeeva and Zalesskii ( 1959)
Arend (1960)
Roy(l966)
Roy(l966)
Roy(l966)
Roy (1966)
Roy (1966)
Tsushima (1966)
Tsushima ( 1966)
Tsushima (1966)
Tsushima (1966)
Tsushima (1966)
Tsushima (1966)
Grodkiewicz and N itti ( 1966)
Grodkiewicz and N itti (1966)
Grodkiewicz and Nitti (1966)
Grodkiewicz and N itti (1966)
Grodkiewicz and Nitti (1966)
Webster and White (1969)
Pa tel and Bhat ( 1971)

For experim ental d etails see Chapter 10.

298

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

advantages of the flux evaporation method especially for such cases where
oxides of metals with a specified valence state have to be grown. The
constant temperature and a carefully controlled oxygen partial pressure
allow growth of oxides of lower valency states as was shown by Berkes et al.
(1965), Roy (1966) and by Rartholomew and White (1970). Flux evaporation could also be used to grow crystals which show a low variation of
solubility with temperature or a retrograde solubility behaviour. Several
crystals prepared by solvent evaporation at high tempcratures are listed in
Table 7.4, and further examples are given in Chapter 10.
Since solvent evaporation may be carried out isothermally, this techniquc
offers the advantages connected with growth at constant temperaturc:
1. Easy and often closer temperature control.
2. Constant concentration of equilibrium defects.
3. Approximately constant incorporation of solvent ions as impurities.
4. In the cases where the distribution coefficient of impurities or dopants
is not extremely different from unity and if growth takes place either
under the reg im e of pure diffusion control or under complete mixing,
a homogeneaus incorporation of dopants and impurities can bc
ex pected.

Q

A/umma . . _
tube
t

rl.h
LliJ
.....

-

(.;

..--

LV
)

. ~ Balance

FI G. 7 .10. Open system for solvent evaporation with monitaring by a balance
(Wood and White, 1968).
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DisadYantages of the isothermal Aux evaporation technique are the
difficulty of controlling the c\·aporation rate and thus the growth rate, and
thc poi~onous and corrosivc nature of thc soiH·nt \·apours (c.g. PbF 2) if an
opensystemsuch asthat shown in Fig. 7.10 is used. The advantage of this
systcm is that the balance permits a measurement of the rate of e\·aporation
and hence of the mass deposition. The usc of an air Aow to remo,·e PbF 2
,·apour \\·ill, howewr, normally produce temperature Auctuations.
In order to preYent corrosion of furnace ceramies and heating elements
by thc action of the solvent vapours, closed evaporation systems haYe been
proposed and three such designs are shown in Fig. 7.11. These systems
permit control or programming of the evaporation rate through ,·ariation
in the temperature T 2 at which condensation occurs.
An important feature of the Aux evaporation technique isthat nucleation
should take place in the lower part of the crucible. The surface region of
the solution has tobe warmer, otherwise crystallization at the surface would
diminish the free surface area of the solution and thereby decrease the rate
of cYaporation. Therefore, in a symmetric (to the heat source) position of
thc cruciblc, littlc natural thermal conn.:ction occurs.

Depencling on the relati,·e densities of solute and the solution some
solutal con vection can occur, the latter being favoured by a higher density
of the crystal. HoweYer, any natural convection in this case of a cooler
crucible hase will be slow, so that growth is diffusion-controll ed unless
stirring is applied. This can be achieved for closed systems by the
accelerated crucible rotation technique as in the apparatus shown in
Fig. 7.11(c). In this apparatus, the evaporationrate will be governed by the
dimensions rL and r 2 as weil as by the temperatures T 1 and T 2 so that
considerable Aexibility is aYailable to the experimeter for optimization of
the growth conditions.
In principle the evaporation rate w is constant when the temperature is
held constant and is giYen b y the Arrhenius equation

w = w0 exp ( - H,.jRT)
where w 11 is the rate constant, H , the activation energy of vaporization,
R the gas constant and T the absolute temperature. From measurement of
the \\·eight loss as a function of temperature Giess ( 1966) determined an
actiYation energy of 33 kcal jmole for the evaporation of PbF 2 from a
Y3 Fe 5 Ü 12 -PbO-PbF 2 melt, whereas Perry (1967) estimated an activation
energy of 62 c 5 kcal jmole for the e\·aporation of BaB 2 0 4 -PbB 2 0~ Aux
du ring crystallization of (Ba, Pb )Ti0 3 .
In order to achieve an optimum stable growth rate during the course of
crystallization a program for the evaporation according to the principles
of th e stable growth rate of Scheel and EI weil ( 1972) has to be worked out,
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11--_ Condensotion
11

tube

Solvent
0

1!11111111!1

T4

Boffle

T4

Solution

T1

>

T2

(a)

Solvent

T1

>

T2

(b)
/

0

0

0

0

0

0

0

0

F1c . 7 .II. Arrangements for ftux evaporation expe rimen ts . (a) System with
collection of the evapora ted solvent (Hart, q uoted in White, 1965). (b) Evaporation
with condensation tube (Brice, 1973). (c) Flux evaporati on -cond ensatio n system
with AC RT stirring (Scheel, 1972).

and accordingly the rate of evaporation can be controlled by th e temperature, by a gas flow to remove th e solvent vapours, by baffies, by th e
free surface area of th e solution etc.

C. Transport techniques. In principle all methods of crystal growth from
solutions depend on transport of solute to th e crystal, whether the Supersaturation is provided by slow cooling or by solvent evaporation. The term
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"transport techniques" is used here for such cases whne Supersaturation is
achieved exclusivdy by transport of solute or solute constituents which
,,·ere initially not dissolwd in the solution and are either solid (becoming
gradually dissoln:d and transported to the growing crystal) or in th e Yapour
phase. The following transport techniques can be distinguished:
(i) Transport by a temperature gradient (between nutrient and crystal)
in bulk solutions.
(ii) TraYelling soh·ent zone crystallization.
(iii) Diffusion of reactants (solute constituents) = Aux reaction technique;
(a) Solid source
(b) \'apour phase sourcc (\'LRS)
(c) Shifting equilibria.
(iY) \'apour-liquid-solid (\'LS) mechanism .
(Y) Electrolytic growth in high-temperature solutions.
(i) Transport in a temperature gradimt. The principle of the gradient
transport technique is shown in fig. 7.1 (process 3). Nutrient is held at a
temperature 7~ in a solutiun of aYerage composition nr- If by natural or
forced conYection a Aow of solution occurs towards a region of a\·erage
temperature 1'r: ,,·here a seed crystal is hdd, the solution bccomes
supersaturated and crystallization occurs at the seed surface.
For natural com·ection the a\·erage mass transport rate and its
dependence on the properties of the solution (viscosity, thermal conductiYity, thermal expansion coefficient, heat capacity) is discussed in
Section 6.6.2. for a gi,·en solute-soh·ent system the mass transport rate
and hence the supersaturation and gro,,·th rate may be varied by adjusting
the temperature difference, the area and form of seecl and nutrient, and the
clepth of the solution . .\lternatiYely the seed may be rotated so that a
column of solution is drawn up from thc basal region at a rate which is
giwn by Cochran (1934). An example of the \·ariation in crystal growth
rate with rotation rate is shO\\·n in Fig. 4.10. A theoretical treatment of
thermal gradient transport has been giYen by Dawson et al. ( 1974 ). If the
Aow of solution is assumed to be rapid compared with diffusion through
the boundary layer, and neglecting solwnt eYaporation, the growth rate c·
is giwn by

···[p8
' D

p8.\~·~] ["'']I "' = RP
~ LlT.

+ D.4.\ + F

(7.3)

Herc the subscript .\" refers to the nutrient, 4> is the heat of solution, and
the interface kinetics are taken to be such that 'L' = F(n 1 - n,.)"'. Th e parameter which is normally ,·a ried to adjust the growth rate is the temperature
differcnce Ll T between crystal and nutrient.
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Si 02 ompoule

PbCI2

d

= 5.85 g·cm- 3

ZnS single crystols
7.12 . Apparatus used for growth of zinc sulphide by solutc transpurt
(Linares, 1968).
FI G.

As an example of application of crystal growth by transport in a
tcmperature gradient, Fig. 7.12 shows the growth of zinc sulphide whcrc
polycrystalline nutrient is floating at the hotter surface and where transport
occurs downwards to the cooler end of the ampoule.
Another example of achieving Supersaturation with the nutrient helcl in
a hotter unstirred zone is shov.·n in Fig. 7.13 where GaAs nutrient material
is floatinginan outer annular chamber while the slowly rotated (10 rpm)
GaA.s crystal grows in a slightly cooler inner chamber and is slowly
withdrawn. As shown in Table 7.2 a number of authors used a gradient
transport technique where nutrient is helcl in a hotter zone ancl where thc
rotated crystal is slowly withdrawn, and a suitable arrangement is shown
in Fig. 7.14. This apparatus may incorporate an annular cooling jacket for
control of the interface temperature gradient.
Growth on fully immersed seed holders as shown in Fig. 7.3 is normally
more difficult if the phase diagram and parameters affecting growth
conditions are not accurately known. A few examples are quoted in
Table 7.5.
The advantage of a constant growth temperature is obvious for thc
production of homogeneaus solid solutions and of homogeneously dopecl
crystals as described in Section 7.1.3, and therefore the temperature
gradient technique has been frequentl y used. Reccntly Tolksdorf and Welz
( 1973) described a graclient transport technique where the advantages of
the Tolksdorf (1968) seeding method and the ACRT stirring technique
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H

t

E1

TEC'II N JQ UE~

GaAs
seed
crystal

1°1

H
F:l

GaAs
nutrient

Si02
glass
container

Ga solution

F1r.. 7 . I :l . Gradit·nt tran spo rt tec hnique for growth of Ga.-\s (Lyons, I ')(>5).

t

Air- cooled
seed holder
Seed
Solution
Boffle
Nutrient

F1r.. 7.14 . Typical arrangement fnr gradient transport with top sceding.
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TABLE

7.5. Crystals Preparecl from lmmersed Seeds by the Gradient Transport
Tcchniqud

Crystal

Solvent

Sizc

Rcference

CoFe,0 4
Y,Fe,O"
ThO,

Na,B,O,
BaO x 0.6B,O"

10-15 mm

Li,W,O,

10 x 3 mm

Reynolds and Guggenheim ( 1% I)
Lauclise et al . (1962)
Finch ancl Clark (1965)

t

~15mm

For experimental details see Chapter 10.

(Scheel, 1972) are applied to isothermal growth by temperature gradient
transport. The arrangement is shown in Fig. 7.15. Large homogeneaus and
nearly inclusion-free crystals of solid solutions Y3 Fe 5 _xGaxÜ 12 were grown.
A few inclusions were trapped at the seed crystal when the air cooling was
turned on in order to initiate growth, probably due to a sudden increase in
the growth rate.
In growth on a rotating seed, the thickness of the solute boundary laycr
is, to a good approximation, independent of the Jiameter of the crystal.
As a result, whether or not pulling is used to maintain a constant diameter,
the maximum stable growth rate should not change as growth proceeds.
A reduction in the growth rate will, however, be necessary if the
temperature gradient at the crystal-solution interface Yaries as the crystal
becomes !arger.
(ii) Travellirzg soh·erzt zone crystallization (TSZC). A great variety of
terminology has been used to describe the technique in which a zone of
solution is made to travel through a solid in a similar manner to zone
melting (Pfann, 1955, 1966): thin film solution growth, travelling heater
method, thin alloy zone crystallization, temperature gradient zone melting,
moving solvent method, travelling soh·ent method, zone melting with a
temperature gradient, etc. TSZC has been reviewed by Wolffand 1\llaYSky
(1965, 1974) and by Hemmat et al. (1970).
The principle is shown in Fig. 7.16; (a) demonstratcs the technique in
which the clri,·ing force for the motion of the solution is the temperature
gradient so that at the hotter side single-crystalline or dense polycrystalline feed is dissolved ancl then deposited at the cooler side of the
solution zone. In (b) the solution zone is moved by motion of the heater,
vvhich may be a resistance heating ring or an RF coil. As the temperature
profiles (c) demonstrate, both techniques are essentially equiYalent.
However, there are differences which determine the applicability of the
two techniques, and which originate from the individual heat flow patterns
as indicated in Fig. 7.16(d) and (e).
In the travelling solvent method (a) the solution moves towarcls an

-:
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m

n

:r

z
0

c:

m
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platinum
crucible

(a)

(b)

(c)

FH;. 7.15. Growth of solid solutions of Y,(Fc, Ga),0, 2 by gradicnt transport. (a) Starting position.
(b) Position during crystallization. (c) Finalposition (after Tolksdorf and Wclz, 1973).
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Heater

loooooooooJ
~

Heater

Crucible

{a)

{b)

Tempereture
T1
Tz

y
I

-------

A.....

(a)
(b)

'/

{c)

{d)

{e)

F1 c. 7 .16. Principle of trave lling solvent zone method. (a) Solution zon e
travelling in a temperature gradient. (b) Solution zone tra ve lling with a heater. (c)
Temperature profiles for (a) and (b). (d) Heat ftow for (a) . (e) Heat ftow for (b).

increasingly hotter region if thc temperature gradient across the ingot or,
correspondingly, if the temperature of th e heater is kept constant. This
would Iead to a varying composition in the case of solid solutions or doped
crystals, and also the rate of moYement of the solution zone, and hence the
growth rate, would increase with time. Therefore a temperature programme
is adYantageous which proYides a constant growth temperature T 2 and a
constant dissolution temperature TL. According to \Volff ( 1965) the solution
zone in the temperature gradient driven technique can be as thin as
25-100 fLm and this allows th e preparation of thin crystals and devices
(Miavsky and Weinstein, 1963; Griffiths and Mlavsky, 1964). In reviews
on th e principles of "thin alloy zone crystallization" Hurle et al. (19M,
1967) have shown that forthin solution zones the Supersaturation gradient
is much smaller than in bulk solutions and this allows fast growth rates

7·

EXPERIMENTAL TECIINIQ U ES

..,o·'

I

without soh·ent inclusions. Under fa,·ourable eonditions the stable growth
rates can approach those used during crystallization from pure melts as
discusscd in Chapter ü. Thc migration kinctics of a solution zonc in a
temperature gradient have been studied by 'T'iller ( 1963), Seidensticker
( 1966) and by Hamaker and \Vhite (1968).
In the tra\'elling heater method (THM) the solution zone is orders of
magnitude wider so that this teehnique may be eonveniently used to
produce !arge crystals. This technique is especially useful for the preparation of homogeneaus solid solutions and homogeneously doped erystals
(see Seetion 7.1.3) if the temperature difference between the dissoh·ing
and the growing interfaces is kept small and when the conditions are
optimized. The maximum stable growth rate, however, is much lower than
in the travelling solvent method due to the thickness of the molten
solution zone. Growth rates are limited to typical values for crystal growth
from bulk solutions, of the order of 500 A s- 1 or 3 to 5 mm per day. The
onset of constitutional supcrcooling and the maximum stablc growth rates
wcrc discussed by Hemmat et a/. ( 1970) and are also treated in Chaptcr (l.

F1c. 7.17. Construction schematic of furnacc for travelling heatcr m ethod
(\\"ald et al., 1971 ).
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A typical furnace usecl for TH M growth of Cc!Te from T e solution is
shown in Fig. 7.17 ancl nearly singlc crystals of 5 cm length wcrc obtaincd
by Wald et al. ( 1971) and by ßdl et al. ( 1970).
Table 7.6 lists some crystals which have been grown by th e travelling
solvent zone method and demonstrates its wide applicability.
Modifications of the travelling heater method use a heater wi re to mm·e
a solution zone along a thin crystalline layer or a heating strip which moves
with the solution zone through the crystal boule. T he first method was
used to grow ßaTi0 3 films of about 50- 125 fL thickness, as shown 111
T ABLE 7 .6. Crystals Prepared by the Travelling Solvent Zone Method
Crystal
GaP

Solvent

Methodt

Crystal size

Reference

Broderand Wolff(1 963),
Wolff et al. (1958) ,
P laskett et al. (1967)
(;a
Wolff l'l al. (1958)
GaAs
Tl-li\ I
1-iemmat et al. (1970)
TH!\1
(;a- In
(Ga, In)P
TH \1
1-iemmat et al. ( 1970)
(Al, Ga)As Al- Ga
Tl-IM
l-lern111at et al. (1 970)
Wolff et al. (1968)
Ga(As, P)
Ga
Tl-IM
Tl-IM
Hein (1956)
Si
Au
Wolff et al. ( 1969)
TH:\1
S iC
Cr
TH\1 4.5 crn
Wolff et al. ( 1968)
(Zn, Hg)Te Te
Tl-li\ I
Bellet al. (1970) ,
Cd Te
Te
Wald et al. (1971)
TH\I
Mason and Cook (1961)
Cdin,Te,
In, Te"
He111rnat et al. (1970)
Cd C l,
Tl-1:\I 8 '• 35111111
CdCr 2 Se,
TH\I 2 • 3 :-; I 0111111 Wolfland LaBelle (1965 )
PbF,
ZnO
Tl-IM
Abernethy et al. (1961)
Y 3 Fe,O.,
Fe,O"
STRIP 10 ·< 3111m
Tolksdo rf (1974b)
Y 3 Fe,O.,
BaO ,' B,O"
DiBenecletto ancl Cronan
(Pb, Sr)Ti0 3 (Pb, Sr),B,O , TH\1
(1968)
We instein and \lla,·sky (1964)
TS\1
Ga
GaP
TS\1
:\ll avsky and Weinstein ( 1963)
Ga
GaAs
T S \1
Griffiths and \llavsky (1964)
Cr
SiC
BaB,O,
STRIP
He111111at et al. (1 970)
BaTiO"
STR IP 15 <20111111 Brissot ancl Bel in (1971 ),
Li,CO,.
CaCO a
Belin et al. (1972)
K leinknecht ( 1966)
TS:\1
In
InAs
Ha111aker ancl White ( 1968)
TSl\1
In, Pb
In Sb
TSM
Hamaker ancl W hite (1969)
Ga, In, __,Sb In, Pb
TSM
S teininger and England ( 1968)
ZnSe,Te, _x
~ lmm
TS\·I
Parkerand Brower (1967)
Li,SO,
CaMoO,
Ga

Tl-IM

t TSM = Travell ing solvent method, THM = travell ing heater method, STRIP = travelling striph eater method.
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SINGLE CRYSTAL FILM
(50-125,u. THICK)
POSITION OF SINGLE
CRYSTAL SEED

SOLUTION STRIP
(Bo0-282.03)

FIG. 7.18. Sehematie of thin film grnwth Iw mm·ing platimun w1n' lwatcr
( 1-lcmmat et al., 1970).

Fig. 7.1R, by moving an infrared (foeusing) linc heatcr at a rate of 8.4 cm
per day along with a strip of the RaB ,0, solution (Hemmat et al., 1970).
A travelling strip heater was first used by Brissot ancl Relin (1971) and by
Belin et al. (1972) to grow !arge CaC0 3 crystals from a solution in Li 2 C0 3
by an apparatus which is diagrammatically shown in Fig. 7.19. In this case
the solution technique allows the growth at 1- 2 atm. CO~ and 700- SOOcC
of a compound which at its melting point of about 1340°C would haYe a
C0 2 equilibrium pressure of about 100 atm. The linear growth rate was
600 A s - 1 or 5 mm per day, ancl the seed crystal was rotated.
Plaskett et al. (1967) found that in GaP crystals grown by THM in the
[211] direction the twinned regions grew faster. Thus they used twinned
seeds in order to obtain !arge inclusion-free twinned crystals from which
high quality substrates for the preparation of LED t devices were cut
parallel to the longitudinal twin planes.
The rate of advance of the solution, which is equal to the crystal growth
rate z: and to the rate of dissolution, is estimatecl by Wilcox ( 1968) tobe
(7.4)
where G is the temperature gradient in the liquid, D is the cliffusion
coefficient, Pc and Psn the densities of the crystal and the solution, m the
slope of the liquidus on the crystal-soh·ent phase diagram ( e.g. the change

t LED = light-emitting diodes.
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ßell

Jar

S in le red C n C 0 3

Fi xe d

Iead

Pt slrip hea I er
S ol ven t

zon e

Si ngle cr ys tal
Seed
Rot a ti on mo lar

_ Tr an slat io n m oto r

F1 c. 7.1 9 S trip hea te r appa ratus fo r growth o f calcite (13risso t and Relin, 197 1).

in liquidus temperature per change in weight fraction) and n,n th e solutc
concentrati on in th e solution. This relationship is equall y applicabl e to th c
movement of inclusions in a temperature gradi ent as di scussed in C haptcr 9
and shows that the soluti on zone travel rate increases with increas ing
temperature gradi ent , increas ing solubility, increasing depend encc of
solubilit y on temperature and with in creasing diffusion coeffici ent. Th c
latter three properti es increase with temperature, so that th e temperature
and th e temperature gradi ent can be gi,·en values which all ow stabl e growth
(see di scussion in C hapter 6). If th e a,·erage temperature and th c
temperature gradi ent across th e soluti on zone are kept constant , th en also
th e maximum stable growth rate is constant because of th e non-Yarying
size of th e crystal. On the oth er hand impuriti es w ith k < 1 are continuously
enriched in th e travelling soh ·ent zone and may necessitate a decreasing
growth rate, and also an increasing crystal perfection (decreasing number
of dislocati ons) acts in th e same direction . Equation 7.4 is approximate
since it neglects th e effect of interface kinetics, and applies onl y if th c
transport occurs only by diffusion.
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An impurtant aspect of the traYelling so!Yent zone methud is its
purifieation etfect. Although purification is a general etfect of crystal
growth from solutions (as long as growth is stable) and has been used in
preparative chemistry for more than 700 years (recrystallization from
solutions) the purification in TSZM is speciall y pronounced when the
rclati,·ely small amount of so!Yent is considered. Even if impurities for
\Yhich I? > 1 are present in thc soh·ent, the uptake of such impurities from
the solution is clearly much lower than in growth from bulk solutions.
(iii) Diffusion of reactants ( = fiux reaction teclmique). In this section those
techniques are discussed which ditfer from those in Sections i, ii and iv
in that certain of the crystal constituents are present in the solution while
other constituents diffuse from a solid source or enter the solution from thc
Yapour phase. These techniques should not be confused with reactions
between starting materials which may occur in the solution prior to the
production of supersaturation. For example, mixtures of Y 2 0 3 and Fe 2 0 3
crystallize from Pb0- 8 2 0 3 , PbF 2 or BaO. 0.68 2 0 3 soh·ents as YFe0 3 ,
Yafe 5 0 12 , PbFe 12 0t 9 , Fe 2 0 3 , Y80 3 or YOF depending on the relative
concentrations of starting materials but not on the degree of ( or ahsence of ')

priorsolid state reaction. As another example, 8aW0.1 crystallizes from a
homogenized solution whether the starting mixture is N a 2 W0 4 + BaCI 2 or
Ba\<Y.0 4 + NaCI. Despite the fact that reactions take place in both the abon:
examples it would be rather inconvenient to classify all such experiments
under the term "reaction technique" or "indirect Aux method' '.
In the following we shall restriet the term "reaction technique" to those
examples where by a reaction between constituents (formerly separated)
supersaturation is achieved and precipitation occurs, or where by oxidation
or reduction during the experiment supersaturation is continuously
produced. The "reaction" is taking place during the crystal growth process,
generally by transport (on a macroscopic scale) of the reactants to the
crystallization region. Several examples of this "reaction technique" were
reported in the last century and are listed in Table 2.1.
(a) Solid source. To this category belong the cases where cruciblc
constituents become constituents of the crystal or serve as reduction or
oxidation media. Reactions with crucible materials are frequentl y undesirable and many examples were reported in the 19th century. As a
recent example Iead feldsparsolid solutions PbAI 2 Si 2 0 8 - KAJSi 3 0 8 crystallized in prisms up to 15 mm length on a sillimanite-type ceramic Iid on
" ·hich PbO and PbF 2 from a flux growth experiment condensed (Scheel,
1971 ).
In the thirties cmeralc\ was produccc\ hy I G Farben ( Espig, 1960) by a
Aux reaction technique as shown diagrammatically in Fig. 7.2U(a). Pieces
of silica Auat on a solution containing beryllia and alumina in the correct
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Solid silica source
Molybdate or tungstate
solution with BeO and Al 2 0 3

(a)

Growing emerald crystals

Stirrer
Diaphragm

( b)
A
(Solid)

Growing
crystals
Localized
cooling

l~

8
(Solid)

Stream of PH 3
Gallium solution

(c)

RF coil

0

Crystallizing GaP

t'-

Air cooling

FI<;. 7.20 . Examplcs of th e flux reaction tec hnique . (a) Growth o f cmerald by
the m ethod of Espig (IG Farben) with si li ca as the solid sou rce (after \ Vilke ,
1956) . (b ) System of two reactants sepa rated from th e g rowth region b y Jiaphragm s. (c) Crys talli za ti on of gallium phosphide from ga llium solution with PH,
va pour as phospho ra us source.

proportians and by dissolution and diffusion the reaction product emerald
(Be 3 Al2 Si6 0 18 : Cr) is precipitated . A more sophisticated arrangement is
shown in Fig. 7.20(b ), where the reactants A and Bare separated from th e
growth regions b y diaphragms . Preferentially the site of nucleation is

7·

EXPERIMENTAl. TECIINIQ U ES

3 13

prO\·idcd Iw localiznl cooling. or a ~ccd cr~: ~tal can ])l' applicd \\'hcn thc
solution i~ ~aturatcd .
Exampks of thc usc of solids which slowly dissoln; and producc
reduction reactions haYe been published by McWhan and Remeika ( 1970)
and by Foguel and Grajower (1971). The former usecl slowly dissoh·ing V:\
in order to grow \" 2 0 3 from KF + \' 2 0 5 melts in platinum crucibles,
whereas Foguel and Grajower reduced \. 2 0 5 - KF melts vvith the graphite
crucible and grew high purity ,. 2 0 3 crystals up to 6.5 mm length and
2 mm diameter.
(h) Vapour phau source (VLRS). As discussed in Chapter 2, among the
carliest crystals grown from high-temperature solutions were tungsten
bronzes prepared by vVöhler (1823) from sodium tungstate melts which
were reduced by hydrogen to produce ?\a,.vV0 3 . Since that time many
crystals haYe been prepared by the ~·apour-liquid-reaction-solid (VLRS)
technique, and in the following only a few examples will be giYen.
Transparent crystals of BaFe 12 0 19 , SrFe 12 0 19 , Fe 2 0 3 and LiFe 5 0M ha,·e
been prepared from BaC1 2 or Ba F 2 , Sr Cl 2 , 0: aCl and Li Cl melts, respecti' ely, containing Fc 2 0 3 , "·hich \\'erc reacted with oxygen ;H 12S0° hy
Brixner ( 1959). Similar experiments on growth by reaction with oxygen or
water yielded crystals of CalVIn 2 0~, Ca 2 .:\'b 2 0 7 , CaFe 2 0~, Ca:1Al 10 0 18 ,
CaCrO~, Ca 2 Si0~, Ca 2 P0 4 Cl, Ba 5 (\·0,hCl, Ba 5 (Mn0 4 hCl, BaCr0.1,
BaSb 2 0 6 , BaFe 12 0 19 , BaWO" BaB 2 0 1, BaSi 2 0 5 , BaPb0 3 and BaTi 3 0 7
(Brixner and Babcock, 1968), Sr 2 \'0 4 Cl and Sr 2 VO 4 Br (Brixner and
Bouchard, 1970), Ca 2 P0 4Cl, Ca 2 VO~Cl, Sr 5 (P0 1hCl, Sr 2 VO,Cl,
Ba 5 (PO ~) 3 Cl and Ba 5 (VO 1hCI ( Brixner and Weiher, 1970).
Semiconductors such as the II I- ,. compounds may also be prepared
from solutions in the Group II I metals, with the Group V element supplied
Yia the yapour phase, as in the experiment of Plaskett ( 1969) ancl of
Poiblaud and Jacob (1973). The principle is shown in Fig. 7.20(c), the
growth of gallium phospide being promoted by the relatiYe motion between
the ampoule and the RF coil. .\ similar technique was developed by
Kaneko et al. ( 1973, 1974) for production of GaP crystals from gallium
solution. The supply of reactant or dopant gases is also frequently used in
liquid phase epitaxy as mentioned in Chapter 8.
Decomposition resulting in a volatile crystal component occasionally has
been used to grow bulk crystals or crystalline layers from high-temperature
solutions. As an example, De Vries ( 1966) was able to control the decomposition of molten Cr0 3 at medium oxygen pressures in order to grow thin
layers of Cr0 2 epitaxially on Yarious substrates ..\nother example is the
crystallization of the highly refractory uranium monosulphide (l\I.P.
2460°C) by decomposition of uranium disulphide (M.P. 1560c) at 170019UOc in tungsten crucibles, as reported by \ ' an Lierde ancl Bressers (1966).
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Camplexsystems haYe been used by \"on Philipsborn (1967, 1969) and
by Von Neida and Shick (1909) and Shick and Von Neida (1971) to grow a
variety of chalcogenide spinels by VLRS technique. Von Phi1ipsborn
(1971) reviewed crysta1 growth of chalcogenide spinels of which it is
clifficult to obtain crystals )arger than 5 mm. Another example of the VI ,RS
mechanism is the growth of NiO whiskers from molten nicke) (Ahmad anti
Capsimalis, 1967).
An interesting modification of the VLRS mechanism has been proposed by Wagner ( 1968) and named SLV growth: by a reaction
B + 2HX -+ BX 2 + H 2 volatile BX~ is removed from the solution of A in ß
so that A crystallizes.
(c) Technique of shifting chemical equilibria. According to the law of mass
action (which in its ideal form only holds for dilute solutions) of Guldberg
and Waage (1867) solution equilibria are shifted when a volatile component
is vaporizing. This shift in equilibrium may be used to crystallize compounds which otherwise woulcl not precipitate. This source of Supersaturation was alreacly known in the 19th century, ancl Morozewicz ( 1R99)
cxpressed the temperature-dependent relationship

Dugger ( 1966, 1967) reported on a "new hydrolysis technique" wh ich,
however, must be a shifting equilibrium technique when one analyses the
experimental conditions. Large amounts of water which would be required
to grow MgAI 2 0 1 crystals by hydrolysis could not be present in a
molybdenum crucible containing BaF 2 , MgF ~ and Al 2 0 3 , which was heated
at 900°C in vacuum and then heated up to 1650°C for three hours in a
helium atmosphere. Thus hydrolysis cannot ha\·e taken plaCl~. lt is much
more probable that according to the equation

aluminium Auoride with a boiling point of 1537°C was eYaporated and thc
chemical equilibrium shifted to cause the precipitation of MgAI 2 0~.
This mechanism of shifting chemical equilibrium should be applied
more often to grow other crystals of highly refractory compounds. On the
other hand the growth temperature is relatively high which is disadvantageous both from the experimental point of Yiew ancl because of
the higher concentration of defects.
Another technique of shifting chemical equilibria which apparently has
not been used in flux growth is based on the so-called "salting-out effect"
where a more soluble compound dissolves ancl so precipitates the requirecl
phase. The isothermal solution mixing technique ofWoodall (1971), which
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was used to grow multiple-layer films (see Section 8.4.4), is a further
cxample of growth by shifting equilibria. As illustrated in Fig. 8.13,
solutions of Ga/AI /As of different composition may be mixed isothermally
to produce a supersaturated composition from which a GaL __"AI .As solid
solution precipitates.
(iv) Vapour-liquid-solid (VLS) mechanism. In general the VLS growth
mechanism is one by which the solute is transported in the vapour phase
prior to dissolution in the solvent and subsequent crystallization. lt
therefore differs from other transport techniques only in that the solute is
initially transported as a ,·apour rather than by dissolution of nutrient
material. Although this technique has been applied to the growth of bulk
crystals and films, its initial application was in the growth of whiskers and
the main emphasis in VLS growth has remained in this area.
The use of the VLS mechanism was first reported by \Vagner and Ellis
( 1964, 1965) who produced whiskers of silicon up to 0.2 mm in diameter on
dots of gold which were deposited on a silicon crystal. At temperatures abovc
the eutectic, the gold dissolves the substrate and preferentially removes the
relatively imperfect regions. The Iiyuid can absorb material from the
vapour readily so that the surface droplet becomes supersaturated and
crystalline material is deposited. As growth proceeds, the liquid droplet
remains at the end of the filament which may grow at a rate of about
1/.<m jmin. A solidified droplet may be seen at the end of the Caß" whiskcr
(Rea and Kostiner, 1971) which is shown in Fig. 7.21. The whiskers are of
high quality and are often free from dislocations. The uniformity may also
be very good although thickening may occur by direct deposition from the
vapour at steps on the lateral faces.
A crystalline substrate is not essential for whisker growth since supersaturationwill still occur due to absorption from the ,·apour. As dissolution
from the vapour continues, crystals will nucleate and will tend to grow as
needles. In the experiments of Frosch ( 1967) needles were grown on the
wall of the container where wet hydrogen was passed over adjacent
crucibles containing GaP and Ga, respectively. The characteristic solvent
droplet (in this case gallium) was found at the end of most needles.
Schönherr ( 1971 ), however, disputes the effectiveness of the VLS
mechanism in the growth of GaP whiskers by transport in wet hydrogen
since growth was observed to cease when a whisker became covered with a
Ga droplet.
\Vagner (1967) has discussed the perfection of silicon whiskers grown by
\"LS and demonstrated that the branching and kinking, which is frequently
observed, results from lateral driving forces. Temperature gradients along
the substrate surface are particularly effective in producing such
phenomena. Occasionally whiskers of ,·ery complex shape haYe been
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F1 c. 7.2 1. \' L S grow th demonstrated b" th c solidifi ed droplet at th c end of
Ca 13, " ·hi ske rs ( Rea and Kos tin e r, 197 1).

prod uced by th c \'L S m cchani sm , fo r exa mpl e th e continuous coils and
spi rals of Z n S ancl GaAs obse n ·ecl b y Aclclamiano ( 1971 ).
Quite a " ·icl e ,·ari ety of material s ha,·e now been g rown b y th c \ ' L S
tec hniqu c, eith er cleliberately or b\' acc icl ent . Exa mpl es are g l\ren In
Tabl e 7. 7. ] n aclcl iti o n, so m e interes ti ng experim ents were rep ortecl by
G i,·arg izo,· ancl S hcftal ( 197 1) in whi ch co mpos it e whi ske rs were g rown ,
for cxamp le of sili co n and lanth anum hexabo rid e in alternate section s .
Th c mcthods usccl to trans port th e ,·apour d epend o n th e materi al
cry sta lli zcd and co rrespo nd in general to th ose usecl fo r chc mical tran spo rt
rcaction s and ,·apou r phase ep itaxy . S ili co n , for ex ampl e, ma y be transpo rt ed by d irect s ublim ati on ,,·hi ch has th e ad,antage that impuriti es fr o m
th e ca rri cr gas are a\·oid ccl. :\ trans po rrin g gass uch as H C l or H 2 / H 2 0 is
nor mall y prefe rrecl particular ly for s uch materia ls as Ga As ancl GaP. Th e
ca rri er gas shou lcl ha,·e a ,·e ry lo,,· so lubilit y in th e so lY ent or, if thi s
so lubility is app rec iablc , should bc reject ecl from th e g rowing crys tal.
Doping of th e whiskers during growth may b e effect ed b y admixtures to
th e vapour ph ase.
Few quantitative studi es of ,., ·hi sker g rowth haYe bee n present ed, a
notablc cxception bcing that of Bootsma and Gasse n (19 7 1) who studicd
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7.7. Ma teri als (;rown hy the VLS Me thod

So ln~ nt

Ma te rial

Form

Size
---~.~

C (diamond) N i, Fe, :\In
)
Caß 6
c; a As
:\u, Pd, Pt
( ;aP
(;a
(;aP
c;a
C u , Co, :\ln , Fe
'\iHr,

Pb, .,Sn.,Te
Tl
Se
Au
Si
Si
Au
SiC
:'\i
SiC

Si e tc.:.

Reference
-~

Derjaguin et al. (1968)
Rea and Kostiner (1971)
Barns and Ellis (1965)
Holonyak et al. (1965)
E llis et al. (1968 )
Sickafus and Barker
(1967)
:Vlateika ( 1971)
Bulk crystals 60 x 9 mm
Whiskers
Keezer and Wood (1966)
Whiskers
200 J-Lffi dia Wagner and Ellis (1964)
Film
15/-Lm thick Filby and N ielsen (1966)
Film
20 l'm thick Berman and Corner
(1969)
Whiskers
Berman and R ya n (1971)

Whiskers
130 ·' 50 J-Lm
Whiskers
100 ·. 20/-Lm
Whiskers
Whiskers
Bulk crystals 20 · 1-2 mm
Whiskers

the growth of s ilicon and germanium whiskers using silane (SiCI 4 ) and
germa ne (GeCI 4 ) decomposition, res pecti vely. These authors found evidence to support the validity of th e VLS mechanism and concluded that
th e decomposition at th e vapour-liquid interface is rate determining rather
than th e solid-liquid interface mechanism.
\ ' LS may also be used for th e growth of bulk crystals but again few
examples are available. Ellis et al. (1968) im·estigated th e growth of GaP
crystals in gallium meta! with transport by wet hydrogen from a GaP source .
.\'eedl e-shap ed crystals up to 2 cm in length and 1- 2 mm in cross-section
were grown in an hour but many crystals exhibited twinning, branching or
even cun·ature. Tiller (1968) proposed the use of VLS for the growth of a
number of compound semiconductors in the convection-free cell which is
shown in Fig. 6.19.
The largest crystals grown to date by th e VLS method are probably
those of Pb 1_J.Sn JTe solid solutions reported by M ateika ( 1971 ). Crystals
up to 60 mm in length and 9 mm diameter have been prepared by a specific
drop technique but it should be mentioned that the liquid in this case is not
a so lution but a melt of the same composition as th e growing crystal.
For th e gro wth of epi taxial layers, transport of solute constituents
including dopants in the vapour phase may be convenient and the
technology of vapo ur transport , particularly of semiconductors, is weil
establish ed . The use of a thin layer of solution rather than a bulk liquid is
discussed in Section 6.3 where reference is made to the potential value of
this arrangement for fast stab le growth . If the problern of th e stahility of a
I

~
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thin surface layer can be solvcd, this arrangement could weil become an
important mode of application of thc VLS techniquc.
Activity in whisker growth by VLS appears to have declined since
1970- 71 but the versatility of the VLS technique makes it a useful tool
which may be used to tackle otherwise difficult materials problems.
(v) Electro/ytic growth. The use of electrolysis in the growth of crystals
from high-temperature solution is analogaus to its use for electro-deposition
of metals except that in the latter case precautions are normally taken to
avoid the formation of large crystals. The crystals grown by electrolysis
have, however, not normally been of metals but of transition metal oxides
such as Mo0 2 • The essential characteristic of electrolytic growth is that
oxidation or reduction occurs at the electrodes and many applications of
interest yield crystals in which the valence of a constituent element differs
from that of its ions in the solution.
Typical experimental arrangements for electrolytic crystal growth, based
on the designs of Kunnmann and Ferretti ( 1964) and of Rogers et al. (1966)
are shown in Fig. 7.22(a) and (b). In the latter arrangement a central
cathodc carries a seed crystal (crystallization alternatively proceeds on tiH'
wire itsdf) which is insertecl into an inner cell. The crucible wall is used as
an anode so that the scparation of thc cathode ancl anocle compartments
prevents re-oxidation of the crystal by the gas evolved. at the walls. The
inner cell is mounted on a ceramic support which also provieles thermal
insulation and growth normally proceeds isothermally at low current
densities, typically araund 10 mA jcm 2 • Holes in the cell partition permit
the A.ow of ions in the solution but preYent the A.ow into the growth region
of crystallites of undissolved nutrient material which may be present in the
outer cell. A similar cell to that shown in Fig. 7.22(b) is described by
Perloff and Wald ( 1967), who used an alumina crucible. The cell actually
shown was used in attempts to grow Fe 3 0~ crystals from a solution of
FeP 3 in Ba0 /0.628 2 0 3 .
According to the reYiew of Kunnmann ( 1971 ), dectrolytic crystallization
may be performed in three ways- direct electrochemical decomposition of
the solvent, electrochemical decomposition of a solute in an inert soiYent,
or by the use of electrochemical transport phenomena. The latter alternati\·e
could in principle he applied to any material which may be dissolved and
subsequently recrystallized electrochemically but no examples of its use
are kno\\·n to the authors. The distinction between the first and second
techniques is not always clear but many experiments may be considered in
the first category. As an example, Mo0 2 has been crystallized up to
7 x 3 x 2 mm in size by reduction of K 2 0 /Mo0 3 and Na 2 0 /Mo0 3 melts at
about 600cC (Wold et al., 1964; Perloff and Wold, 1967). The process
involves a reaction of the form
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PLATIN UM
POWER
LEAD

JI9

PLATIN M COVER

PLATIN UM
CRUCIBLE
SUPPORT

PLATINUM
CRUCIBLE
SUPPORT

PLATINUM
ELECTROOE

SLIT

ALUMINA
TUBING
ALUMIN .l l
CRUCIBLE

(a)

PLATINUM ELECTRODE

PLATINUM
SAfETY CUP

LAVA

- - VENT HOLES
CATHOOE----~~--~

t--+---- INNER CELL

PLATINUM SCREEN--it--•--OUTER CELL
(b)

(anode)

F1c. i.22. (a) Cd l for c rystal g ro\\"th by electrolysis of ftuxed rnelts (1-:unnmann
and Ferretti , 1964 ). (b) Platin um double cell for electrol ysis (Rogers et a/ ., 1966 ).
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K 2 Mo 2 Ü 7 -> K 2 Mo0~

+ Mo0 2 ~· (cathode) + k0 2 t (anode).

The so-called sodium tungsten bronzes, which are highly conducting
oxides of composition Na xW0 3 , may be similarly prepared by reduction of
sodium tungstate fluxes:

Reactions ofthistype suffer from the disadvantage that the composition of
the liquid, and therefore possibly of the crystal, changes continuously as
growth proceeds.
The most successful attempt to grow crystals by electrolytic decomposition from an "inert" flux was probably the crystallization of
Co 1 +x V2 _xÜ 4 spinels from sodium tungstate fluxes by Rogers et a/. ( 1966 ).
The description of the dissolution and crystallization process in terms of
Lewis acid-base theory is given in Section 3.7.1. The general idea is that
the basicity of Na 2W 2 0 7 /yNa 2WÜ 1 sol vents increases directly with the
\·alue of y; if the solute can bc considcred as a solid solution A:ßt - = of
components A and B which differ in their basicity, then the value of:::: of
the crystallizing phase will be determined by the value of y of the sah ent.
In the growth of Co 1 u V 2 _x0 4 spinels, electrolytic reduction of V 5 • to V 1 ·
and V3+ is required and the value of x was found to depend upon the
solvent composition in agreement with the principles outlined abm·e.
Cuomo and Gambino ( 1970) have proposed the use of electrol ysis for
crystal growth and epitaxial deposition of compound semiconductors. They
demonstrated that, for example, gallium phosphide could bc deposited on
a silicon substrate from a melt of composition
2NaP0 3 + 0.51'\aF + 0.25Ga~Oa
at 800°C. A current of SO mAjcm 2 was employed and a I 00 fliTI layer \\a:;
deposited in twenty hours.
In principle a great variety of borides, carbides, germanidcs, etc. ma\· hc
prepared by electrolytic reduction of melts containing the corresponding
oxidized form - borate, carbonate, germanate, etc.
Many preparations of such compounds from halide solutions wcre
reported by Andrieux and co-workers (Andrieux, 1929; Andrieux and
vVeiss, 1948; Andrieux and Marion, 1953). These syntheses are normal!\·
performed at very high current densities and may therefore yield metastabl~
phases. Kunnmann (1971) has reported attempts to reproduce the
experiments at low current densities and finds that these are successful in
over half the examples considered. Although preparations of this kind are
the subject of a not inconsiderable number of patent applications, furth er
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~t11dy appear~ nccessary heforc thc reproducible growth of crystals of good
:;izc and qualit\· can hc achicn·d.

7.1 .3. PrEparation of solid solutions and homogeneously doped crystals
!\lany of the materials of intercst for devices or for academic studies are
solid solutions or contain dopants which are added in order to produce a
desired change in some property. The ability to vary the composition of
a crystal is clearl y an extremely powerful tool for the materials scientist and
the concept has been developed of molecular engineering- tailoring a
material to meet a specific set of properties by the addition of controlled
quantities of dopants to some suitable host-crystal. The difference between
a solid solution and a doped crystal is mainly one of degree, although the
term "solid solution" is restricted to members of an isostructural series
whereas dopants may differ in structure and even in valence from the host.
However, th e chromic oxide which is added to alumina to produce the
characteristic red colour of ruby would normally be referred to as a dopant,
whereas a compound Al 1 8 Cr 0 .~0 3 would be termed a solid solution between
.-\1~0:1 and Cr~Oa. In thc prcparation of solid solution crystals it is of great
importance that thc properties should not vary significantly throughout the
material, which implies that the composition should be uniform.
There are two types of concentration variation which normally concern
th e experiments: the relati vel y long range variation due to a change in the
solution composition or growth temperature or growth rate as the crystal
grows, and short range variations due to transients within the solution.
Time-dependent effects ha,·e been treated by Slichter and Burton ( 1958)
who consider th e changes in concentration due to a step-function change
in the melt concentration and to sinusoidal variations in the growth rate .
The latter fluctuations normally Iead to the periodic variations in composition term ed striations (see Section 9.2.4). In crystals pulled from the
melt the dopant concentration frequently exhibits a radial variation due to
t1ow effects not associated with crystal rotation, such as thermal convection
or crucible rotation (Carruthers, 1967). The major cause of striated dopant
distributions in melt growth and probably in solution growth is oscillatory
Yariation of the temperature (Hurle, 1966, 1967; Hurle et al., 1968). The
relation between striations and composition in solid solutions is weil
illustrated by Fig. 7.23, in vvhich the Ta jl\'b ratio in crystals of nominal
composition KTa 0 . 64 !\b 0 . 36 Ü 3 is compared with the optical absorption
(Whiffin, 1973). In the diagram, cantrast between the bands is maximized
by arrangement of crossed polars, and th e Taj N b ratio is determined by
electron microprobe.
Striations may be eliminated if temperature oscillations can be suppressed , as is discussed in Section 9.2.4. The use of artificiall y induced
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striations as a means of determining th e instant aneo us growth rate as
suggested b y Witt and Ga tos ( 1969) is a potentiall y ya}uable tool for th e
investigation of segregation in crystals grown from high-temperature
solution. The interesting technique of Mateika ( 1971) of producing !arge
homogeneaus crystals of solid solutions from the melt with a vapour source
has been m entioned in Section 7.1.2 (C.iY). Th e probl ern of avoiding
relati,·ely long range \·ariations in flux growth will be treated in this section.

Distribution coefficient . Th e incorpo ration of an impurity into a crystal ma y
be characterizecl by a distribution coefficient k which is definecl as the ratio of
th e concentration of th e dopant in the solid to that in the liquid . lt is
possibl e to define three distrihution coefficients:
the equilibrium coeffici ent
the interface coefficient
the effecti,·e coefficient

k 0 = n,jn" , ('L· = U)
!?* = n,jn"'" (z = 0)
k = nj n,11 (<· 0)

*

where n"'" is th e concentrati on of the dopant in thc solution ancl n., that in
the solid.
The value of k 0 may be d etermined from th e phase cliagram. Thurmoncl
and Struthers ( 1957) ha\T g iYen an expression of th e form
1
11
I 0 k0 = LIHr! - LIH ' _ '}_ HF' _ LIH/ - Ll / / .,/ I (I _ .\:~ )

RT;\/

RTm '

AHf.,

LI

n

·

'

(7.5)
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whcrc iJHF is the enthalpy of fusion of the solvent of melting point T .."
iJffr.' and iJH.u' the enthalpy of fusion and mixing respectively of thc

solt1te, which mdts at tcmperaturc T.u', and .\" the fractional concentration
of solt1te. \·alues of k 0 for a \\·id e \·a riet y of crystals and dopants haYe been
tabulated by Krüger (1964) and by ßrice (1973) .
Kam enetskaya (1967, 1968) has calculated the change in composition of
solid-solution crystals nucleating in a two-compon ent liquid by considering
the changes in free energy . This theory may be usecl to estimate th e
Yariation in the concentration of soh·ent molcCLdes present substitutionally
in the crystal but does not refer to the more usual situation in solution
grmnh \\·here the soh-cnt is rejected b y thc crystal.
In general the effecti\·e Yalue of k will differ from k 11 and a relati\-cl y
simple rdation which has bcen widcly appli cd was dcri\-cd by Burton,
1
Prim and Slichtcr ( 1953), namel y

(7.6)
.-\ecording to this equation, h will tencl to 1? 11 at low n1lues of 7· (and h) ancl
to unity at high Yalues of growth rate . In practice ~· often \·a rics im·ersel y
as 8, for example as the crystal rotation rate is changed, so that h will vary
mainly through its depenclcncc on hn and /) unless growth occurs mainly
under kinetically limited conditions where this im· ersc dcpendence cloes
not apply.
Equation 7.6 is deri\·ed by soh·ing thc tim e-ineiependent ditlerential
cquation for solute flow in the usual boundary laye r approximation. Earlier
treatments of the segregation of dopants haYe been gi\·en by Hayes and
Chipman ( 1939) ancl by Wagner ( 1950), the latter consid ering the effects of
natural com·ection in aclclition to con vection by the rotating crystal. A
rc\·iew of segregation inclucling reference to its importance in purification
has been giYen by Pfann ( 1966 ).
The Burton-Prim-Slichter equation is Yalicl only so long as !?* -:::/? 0 . If
this condition is not met , a correction may be appliecl by considering thc
solute concentration in an adsorbcd surface laye r. Trainor and Bartlett
( 1961) considered the build-up of impurities due to the propagation of
stcps across the surface at a rate 7", 1 and arriYed at a relation
(7.7)
in which D, is th e surface diffusion coefficient of the impurity, T ) T 1 thc
ratio of sticking times of soh·ent and impurity on the surface ancl ß a
function which depends on the growth rate and the rate of impact of
impurit y atoms.
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An alternative approach to the same problern has been uscd by Kröger
(1964). By combining Eqn (7.6) with a theory due to Hall (1952, 1953),
he arrives at an expression
k=

- ko + (knd s - ko) exp ( - '~-'<!_e"_<f< /1")
1 - { 1 - exp (- v8 /D)} {1 - k 0 - (kads- k0 ) exp ( - 'c,,,,",) z·)}

(7.8)

where z·dends is the rate of transfer of impurity atoms from the surface layer
to the solution and kads is the distribution coefficient for adsorption into
this layer. Equation (7.8) reduces to the Burton-Prim-Slichter equation if
kad., = k 0 and, while it is clearly of wider applicability, its value is reduced
by the difficulty of predicting Yalues of kods and z·d eud.'·

Examples of distribution coefficient measurement. Measurements of thc
distribution coefficient in solution growth should be treated with caution
since in some cases the dopant may be present in minute inclusions rather
than substitutionally in the crystal lattice. This is particularly the case
when the dopant is a constituent of the solvent, and some examples where
high values of distribution coefficient may have such an origin are discussccl
in Chapter 9. I f the dopant has a valence which differs from that of the host
lattice, the distribution coefficient will depend strongly on the prescncc of
charge compensating ions. The theory of coupled Substitution of ions of
unlike valence has been considered by Millett et al. (1967), who determined
the distribution coefficients of Iithium and chromium in zinc tungstatc
pulled from the melt, using radioactive chromium (see Section 3.6.2).
Rare earth ions in Y 3 Al 5 0 12 : Rare-earth doping of yttrium aluminium
garnet is of practical importance in connection with the application of these
materials as Iasers. Monchamp et al. (1967) found a regular dependence of
the distribution coefficient on the size of the ionic radius of the rare-earth
ion. The value of the distribution coefficient was found to vary with
increasing rare-earth ionic radius from 1.9 for Tm to 0.25 for Pr for growth
from a PbF 2 /B2 0 3 flux. An alternative and closely related plot was givt~n
by V an Uitert et al. ( 1970) who plotted the distribution coefficient of Y:1 ' in
(Y, R) 3 Al 5 0 12 (R =rare earth) solid solutions and showed that the logarithm
of this coefficient varies linearly with the Espinosa ionic radii of the R 3 ·
(Fig. 7.24). Also shown in Fig. 7.24 is the distribution coefficient of Pb in
orthoferrites grown from PbO 1B2 0 3 fluxes.
The distribution coefficient of rare-earth ions in garnets depends on the
crystal facet into which substitution occurs, as was demonstrated by
Wolfe et al. (1971 ).
Gallium in Y3 Fe 5 0 12 : The Saturation magnctization of yttrium iron
garnet is too high for several applications, for example in microwave
devices and for bubble domain memories. Gallium substitution is
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frequentl y employed as a means of reducing the magnetization and
uniformity is often very important. The distribution coefficient of Ga in
Y 3 Fe 5 Ü 12 grown from PbO /PbF 2 solvent was measured by l\ielsen et al.
( 1967). These authors defined a coefficient in terms of the fractional
concentration of gallium, that is
h' =

.
moles Ga .,Ü 3
- - - - - ---m crystal
moles Ga 2 Ü 3 + moles Fe 2 Ü 3
moles Ga Ü
.
.
- - - - - - 2 -3
m solutwn
moles Ga 2 Ü 3 + moles Fe~Ü 3
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The value of k' was found tobe in the region of 2.0 and to vary only slowly
with temperature and with the absolute Ga concentration. A !arge changc
was found to result from the preferential evaporation of PbF 2 from
imperfectly sealed crucibles and the resulting variation in magnetization
throughout the crystal is plotted in Fig. 9.6(a). When sealed crucibles wen:
used a much more uniform gallium distribution was observed, since the
temperature variation in k' compensates for the change in gallium
concentration in the solution as growth proceeds.
Makram et al. ( 1968) also reported the preparation of solid solutions of
Y 3 Fe 5 _"'GaxÜ 12 by slow cooling from Iead salt solvents. In their experiments
a high pressure of oxygen was used to suppress solvent evaporation. The
value of k' was found to be about 1.7. Large inclusion-free and homogeneous crystals of the samesolid solution were also grown by Scheel ( 1972)
using accelerated crucible rotation and sealed crucibles.
Distribution coefficients for Ga have also been measured in magnctic
garnet films grown by liquid phase epitaxy. Giess et al. ( 1972) found
values of 1.94-1.74 foralinear growth rate of 0.98- 5.18 x 10 - 6 cm s - 1 at
980° for solid solutions Y2 . 4 Eu 0 . 6 Fe 5 _ _,.Ga_,.Ü 12 grown from Pb0-·B2 0 3 •
These values are in good agreement with the 1. 96- 1.76 reported by
Blank et al. (1973) between 1065° and 918°C. Blank ancl Nielsen also
measured the clistribution coefficient in Y 3 Fe 5 _:cGa:rÜ 12 solid solutions and
notcd that their values of 2.26- 2.09 between 1077° and 879°C wen: within
to·;~ of the values found in bulk crystals. Data for gallium distribution
coefficient as a function of temperature for Y 2 _7 Gci 0 _3 Fe 5 _ _,.Ga,.0 12 films arc
reported by Janssen et al. (1973) who usecl a radio-isotope labeHing
technique. These values range from k' = 2.0 at 1000cc to k' = 1.4 at 780°C
and are therefore in general agreement with the data of other groups.
In general, however, distribution coefficients in films grown by LPE will
depend upon the mismatch between thc film and the substratc. This
dependence is illustrated clearl y for Pb and Bi incorporation into garnet
films by Robertson et al. (1975). Robertson et al. (1974b) have also noted
that the Pb conccntration may be much high er in the initial stages of gro\\th
than in subsequent growth of the film and this variation should be taken
into account when any results of distribution coefficients in epitaxially
grown films are quoted .
E.\perimental methuds. Of thc mcthods available for thc prcparation of
homogeneaus solid solutions, the most widel y used arc thc gradient
transport techniques. These have the advantage that growth occurs
isothermally and, even if the distribution coefficient differs appreciably
from unity, there will be equilibrium between the growth and dissolution
rates of the various constituents provided that growth does not occur too
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rapidly . Th e succes~ of th e gradient transport method in th e preparation of
solid ~olutions of composition Y 3 Fc 5 _ ,. _ ,Ga,AI,0 1 ~ by Linarc~ (1965) is
discussed in Section 9.2.4 (see Fig. 9.14). Other examples of the application
of graclient Iransport to grow homogeneaus solid solutions are I nAs 1_ _,.Sb,
(Stringfellow and Greene, 1971 - see Section 8.4.1 )ancl Y3 _ ,.]'\ d,.-\l 5 _,. Cr,0 1 ~
(Timofena et al., 1969). In the latter case the impro\·ed homogeneity
compared with crystals grown by slow cooling was confirmed by electron
probe microanalysis.
Talksdorf and Welz (1972) have developed apparatus in which thc
gradient transport method is used in combination with seeding by the
Rennett- Talksdorf technique (Section 7.1.1) and with stirring by Scheel's
accelerated crucible rotation (Section 7.2.7). In the initial stage shown in
Fig. 7.15( a), the solution is saturated, and spontaneaus nucleation might
occur. The crucible is then inverted as in Fig. 7 .15(b) with the temperature
maintained constant but with a "cool finger" brought into contact with the
region immediatel y below the seed crystal. The nutrient material is
supported on a perforated baffie and is in contact with the solution so that
dissolution may occur, and the transport of so1utc across an adn·rsc

temperature gradient is enhanced by accelerated crucible rotation. The
homogenizing effect of the stirring action is particularly valuable in this
case. ,-\fter growth has occurred for the required period, typicall y a fe\v
days, the crucible is reinverted and the solution runs oll the crystal as in
Fig. 7.15(c).
In such experiments, where solid solution crystals are grown on a seed
which is an end member of the series (e.g. Y 3 Fe 5 _ j.Ga.~D 12 on Y3 Fe 5 0d
defects can arise because of the lattice mismatch between the seed and the
crystal. A solution to this problemwas suggested by Chicotka (1971) which
can be applied to certain cases such as the growth of Ga 1 _x ln ,.P crystals
on a GaP seed. lf crystallization occurs initially at a relatiYely high
temperature, the composition of the phase deposited is close tothat of GaP.
The temperature is then lowered with the solution in contact with nutrient
material, and the crystal composition becomes progressively richer in
indium as growth occurs by slow cooling. When the temperature has been
lowered to that corresponding to the terminal composition, cooling is
stopped and subsequent growth occurs by gradient transport. In this way
the composition of the crystal is changed gradually and an abrupt change
in lattice parameter is avoided.
The travelling solvent zone method (Section 7.1.2. CII) may similarly
be used to prepare homogeneaus crystals, provided that growth conditions
are isothermaL Di Benedetto and Cronan ( 1968) were able to prepare very
homogeneaus crystals of Pb 1 _.rSr.rTi0 3 by the slow passage of a
Pb0 /Sr0/B20 3 soh·ent zone through the source material. The soh·ent
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composition was found to bc critical for thc growth of homogcneous
crystals.
lf polythermal methods are used thc resulting crystals will normally bc
inhomogeneaus and any exceptions to this rule require rather unusual
conditions. In attempting to grow Ni 1 _xZn xFe 2 Ü 1 crystals from PbO
solution, Manzel (1967) determined the separate solubilities of NiFe 2 Ü 1
and ZnFe 2 Ü 4 and selected a temperature range over which the slope of the
solubility curves was the same for both components. This condition will
not, however, always result in homogeneity since the competing ions may
have very different probabilities of incorporation into the crystallattice.
Since according to Eqn 7.6 the interface distribution coefficient will
depend upon the growth rate and the thickness of the boundary layer, it is
possible in principle to prepare homogeneaus solid solutions by programming growth in such a way that kinetic effects are used to compensate for
the temperature dependence of the equilibrium distribution coefficient.
This programming may be effected by changing the cooling rate, and hencc
the growth rate, or by a variation in the degree of stirring which will affect
the boundary layer thickness . This type of procedure has not yct bccn
attempted, sofaras the authors are aware.
Homogeneaus solid solutions may also be prepared by many of thc
reaction techniques described in Section 7.1.2C. Such reactions normall y
occur at constant temperature and the composition of the crystal grown
will mainly depend upon the rate of arrival at the interface of the reactants.
Since the transport rate of the various reactants may be varied independently in, for example, growth by the method illustrated in Fig. 7.20(b),
the composition may be maintained constant once a steady state has been
established.
Luzhnaya ( 1968) discusses several examples of the preparation of so Iid
solutions from metallic solvents. The majority of the compounds listed are
solid solutions of the II 1- ,. semiconductors, such as GaSb 1 _:r p ".. Stambaugh
et al. (1961) utilized programming of the vapour pressure above the melt
to prepare solid solutions of Ga 1 _:rAI . As and Ga 1 _)n :rP. This method relies
on the introduction into the melt of the more volatile metallic species by
transport in the vapour phase. The crystals grown in these experiments
were not homogeneaus but the use of the VLS mechanism does provide an
alternative means of achieving homogeneity if the vapour pressure is
suitably adjusted. This method was in fact used by Rodot et al. ( 1968) who
supplied phosphoraus and arsenic from separately heated ampoules to
prepare homogeneaus crystals of GaAs 1 _xp x from gallium solution.
Several examples of characterization of solid solution crystals are
discussed in Chapter 9 where methods of studying homogeneity are
treated.
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7.1.4. Preparation of special modifications and of metastable phases

In general those phases crystallize from high-temperature solutions which
are thermodynamically stable. In the following a few examples will be
given of the growth of special modifications stabilized by trace impurities
and of the growth of metastable phases. Mineralogists are familiar with the
fact that rutile is the only stable modification of pure TiO~ and that anatase
and brookite are modifications which are stabilized by trace impurities.
Similarly tridymite is a form of Si0 2 which is stabilized by alkali ions ancl
which is not a moclification of pure silica as was shown b y Flörke ( 1955).
Similarly four modifications of sodium disilicate have been prepared by
Hoffmann and Scheel (1969) from !\a 2 Si 2 0 5 glass on a variety of meta!
oxicle pellets, the meta! oxides having either a chemical or an epitaxial effect
on the crystallization of the various N a 2 Si 2 0 5 moclifications. As an example
of the etfect of impurities on the crystallization behaviour of alloys the
compound Al 3 Er may be mentionecl which crystallizes in the cubic AuCu 3
type unless traces of silicon (less than 10 - 2 wt % ) are present in which case
a rhombohedral form of AI 3 Er crystallizcs (Mcycr, 1970). Thus if a
moclification cannot be crystallizecl in its stability region, the inftuence of
epitaxy ancl trace impurities is worth investigating. The effcct of solvents
on the crystallization of carbon as cliamond or graphite is cliscussed in
Section 3.7.3.
Metastahle phases occasionally grow in the stability fiele! of an other
phase when its nucleation and growth is facilitated, for instance by
providing seed crystals. Thus Roy and White ( 1968) claim to have grown
cm-size quartz-type Ge0 2 crystals on substrates of natural quartz from
high-pressure solutions, and propose the use of high-pressure solution
growth technique at relatiYely low temperatures for growth of metastable
phases.
I t was shown by Scheel ( 1968) that in cases where a system is far from
cquilibrium metastable phases can be grown. In the example given, crystals
of up to 2 mm length of the metastable ß-quartz phase of th e composition
MgAI 2 Si 3 0 10 were grown from a glass ofthat composition in the presence
of a small amount of Iithium tungstate Aux in the temperature range
600°-800c whereas higher temperatures or long heating resulted in
crystallization of the thermocl ynamically stable cordierite phase. According
to Ostwald's step rule the less metastable quartz-phase crystallizes from a
metastable glass quenched from high temperatures (and having still the
high-temperature structure) until finally the stable cordierite phase is
formed. The crystallization of metastable phases from glasses is a common
phenomenon, and accordingly one would expect that metastable phases
could also be crystallized from ,-iscous high-temperature solutions, when
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the system is far from equilibrium. Similarly from systems which allow
high supersaturation of the stable phase, crystals from another phasc
(which might be thermodynamically unstable) might form if seeds of thc
required phase or a substrate which allows epitaxial overgrowth arc
provided. As discussed in Section 3.8.5. and by Blank and Nielsen (1972) a
rare-earth garnet Pb0-B 2 0 3 solution can be saturated with respect to
rare-earth orthaferrite and supersaturated with respect to garnet, simultaneously, thus explaining the growth of phases in a metastable field.
The importance of seeds for thc growth (reproduction) of the various
polytypes of silicon carbide has bcen demonstrated by Knippenberg and
Verspui ( 1966) although in this case the degree of "mctastability" as
deducible from differences in free energy is expected to be very small for
the SiC polytypes (Knippenberg, 1963).
7.1.5. Growth of compounds with defined valence states
The great majority of HTS growth experiments yield materials in which
the ions are in "normal" valence states, so that the atmospheric conditions
need not be closely specified. So, for cxamplc, most crystal growth from
molten salt solutions occurs in an air ambient and crystallization from
metallic solutions takes place under hydrogen or an inert gas. Many
cxamples are known, however, where materials having ions in relatively
unusual valence states have been prepared from HTS or where special
conditions have been used in order to produce material of high
stoichiometry. The techniques which are available for such preparations
may be broadly divided into three groups: (i) electrolytic growth, (ii) the
use of a solvent of controlled oxidizing or reducing power, (iii) the use of
controlled atmospheres.
Crystal growth by electrolysis is discussed in Section 7.1.2 wherc thc
examples are discussed of MoOl and the sodium tungsten bronzes. Further
examples of transition meta! oxides with ions in reduced Yalence states arc
giYen in thc table of Chapter 10, and it is likcly that further applications of
this tcchnique will be made, for example to produce materials of highcr
than normal Yalence state, or to grow crystals of magnetic oxidcs with
controllable concentrations of Fe 2 ~ or Fe 4 ' .
Reference is also made in Sections 7.1.2 and 3.4.1 to examples where the
oxidation state of transition metals may be inAuenced by the basicity of the
sohcnt. In general, additional factors such as the solubility will havc a
major inAuence on the choice of a solvent, and atmosphere control proYidcs
a simpler means by which the valence state may be varied.
Thc usc of atmospherc control in thc crystallization of phascs unstable
in air at thc growth tempcraturc is discussed in somc dctail in Section 3.4.1.
In that section the Magneli phases TinÜ 2n_ 1 , europium chalcogenides,
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\anadiunt dioxidc \ ' 0~ and chromium-containing oxidcs arc quotcd as
of matcrials which can hc crystallizcd from high-tcmperaturc
solution when the atmosphere is adjusted to the equilibrium range for thc
n:quired phase.
Many other examples of materials, especially oxides, are known in which
an atmosphere other than air is used in order to improve stoichiometry.
Oxides containing iron are often difficult to prcpare as single crystals with
the iron in a single valence state, and considerable effort has been devoted
to the preparation particularly of the ferrite spinels with negligible concentrations of Fe 2 - . The equilibrium partial pressure of oxygen above these
materials may be extremely high at temperatures near the melting point,
and Fern:tti et al. ( 1962) found that an oxygen pressure of nearly 120
atmospheres was required to prepare crystals of Cofe 2 Ü .1 free from Fc 2 ·
ions from a highly concentrated solution in NaFeO~ at 1590°C. Such
pressures require rather expensive autoclaves and the use of more easily
realizable pressures at lower temperatures has been advocated by Makram
and co-workers. Makram and Krisiwan (1967) used an oxygen pressure of
15 atm . for the growth of garnet crystals from PhF ) I'hO hy slow cooling
from 1300°-<JOOOC. Thc application of a gas pressure can causc major
changes in the nucleation and growth characteristics, particularly from thc
mlatile Iead soh·ents, so that the properties of the crystals grown rnay be
changed by factors other than those associated with the variation in
stoichiornetry. Some complexities of yttrium iron garnet crystal growth
und er pressure have been discussed by Robertson and N eate ( 1972) and by
Robertson et al. ( 1973). The work of the latter authors is of partictiiar
interest since the reproducible crystallization of only one crystal per
crucible is reported under oxygen pressures in excess of ten atmospheres,
as discussed in Section 7.1.1. Makram et al. (1968) reported that the
gallium distribution in solid solutions of composition Y3 Fe 5 _".Gax0 12 was
homogeneaus when crystals were grown by slow cooling under an oxygen
pressure of 15 atm . ; they attributed this homogeneity to the absence of
inclusions and voids in their crystal so that strained regions with locally
high concentrations of Ga were avoided. However, the results of .1'\ielsen
et al. ( 1967) and Scheel (to be published) show that good homogeneity of
the Y3 Fe 5 _".GaJ.Ü 12 crystals is achieved by prevention of PbF 2 evaporation
and seems to be relatiYely unrelated to the mechanism suggested by
Nlakram and co-workers.
The growth of nicke! ferrite NiFe 20 4 under oxygen pressure has been
reported by Makram (1966) and by Robertson et al. (1969). In the latter
experiments borate solvents were uscd and the application of oxygen
pressures of only two atmospheres was found to increase markedly thc
concentration of flux inclusions.
cxamplc~
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7.2. High Temperature Technology
7.2.1. Furnaces
The discussion here of furnace design is necessarily brief, and detailed
descriptions of Iabaratory and industrial furnaces may be found in various
handbooks of physics and engineering and in the books of Campbell ( 1959),
Smakula (1962), Wilke (1963, 1973), Otto (1958) and Brice (1973).
Of the various types of heating only resistance and induction heating arc
used, while heating by flames, plasmas, Iasers, image techniques and by
electrons has not found significant application in crystal growth from
high-temperature solutions. Reactions between heating elements, insulating
materials, crucibles, thermocouples, etc. are important in the design and
use of high-temperature furnaces, and these aspects will be discussed in
Section 7.2.3.
Resistance furnaces for flux growth are generally used up to 1600°C,
while at high er temperatures induction heating by R. F. generators is
preferred. However, the range of resistance heating can be extended by usc
of molyhdenum, tungsten or graphite heating elements in neutral or
hydrogen atmospheres or in vacuum, whereas in oxidizing atmospheres
rhodium (up to 1800°C), zirconia or thoria may be used. The two latter
have the disadvantages that they require pre-heating and that they need
high power and are sensitive to thermal shock and to steep thermal
gradients. Table 7.8 summarizes the properites of a few popular heating
elements, of which Kanthalt A 1, silicon carbide (Globar, Crusilite,
Crystolon, Silit) and molybdenum disilicide (Kanthal, Super Mosilit) are
most frequently used in flux growth.
Furnaces with Kanthal A 1 and sirnilar heating elernents are readily
available in many shapes, and also various types of heating elements and
Kanthal Al wire are available. lt should be noted that metal-based heating
elements such as Kanthal Al become brittle after the first firing. The
lifetirne is long if corrosion is prevented and if the ternperature does not
exceed 1150°C for extended periods in the case of Kanthal A 1.
Siliconcarbide heating elements in the form of rods, tubes or spiral tubcs
are suitable for the construction of simple furnaces according to individual
requirements. Asthermal insulation a half brick (about 4~ inches) around
the hot space is sufficient when a layer of 1 to 2 cm of ceramic wool or
similar insulating material is placed between the bricks and the outer wall
of, for example, asbestos. lt is possible to connect the heating elements
directly to the thyristors, but the latter should be adjustable according to
the ageing of the SiC elements. (Usually cornpensation is provided for
100 to 500% increase of resistance, which tends to occur after one month

t
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7.8. Properties of Heating Elements Most Frequently Used in Flux Growth

Heating element
Kanthal Al
Silicon carbidt·
Kanthai-Super ST
Kanthai-Supe r ':\
Kanthal-Super 33
Platin um
Rhodium
ThO, (with La,O :s or CcOJ
ZrO, (stabilized)
\ lolybdenum
Tantal um
Tungsten
Graphite

Max. working temperatures CC)t

1375 " (w),
1550° (w),
170(Y (w),
1700· (w),
1800 (w),
1550' (m)
1800 " (w)
2000 ' (w)
2400
1800 (w).
2600 (w)
2600 (w)
3000° (w)
2600 (w)

1150° (y)
1350" (m),
1600° (m),
1600° (m),
1700c (m),

2400

1200° (y)
1500° (y)
1500° (y)
1600° (y)

Atmosphere
atr
(dry) air
air!
air!
air!
atr
atr
atr
atr
Vacuum or H,
Argon or H,
Vacttum
.\rgon
Inertgas

t For L'stimatcd or expcricnccd durations of thc ordcr of wec ks (w) . months (m) or
a \'car (y). :\s discussed in the text thc lifctimc ma,· ,·ary significantly.
I In non-oxiclizin.l( atmosphcres thc maximum working tcmpcrature is reducccl h,· I 00
to J)() ·.

to four months use.) SiC heating clemcnts are adYantageous when thc
duration of typical ( 1300°C) experiments does not exceed one or two
,,·eeks and ,,·hen the furnace requires frequent cooling to room temperature
although it is better to keep the furnace always above 750° even when not
in use. Eimer (1953) and Bovee (1953) have discussed the properties of
SiC heating elements and their lifetime. Of the latter it must be said that it
depends Yery much on the conditions (Ioad, ambient atmosphere and
temperature, continuous or intermittent use) and on the fabrication with
Globar, Crusilite and Crystolon being known for reliability. A stagnant
oxidizing atmosphere is best for a long lifetime, and if corrosive vapours
are produced in flux growth experiments it is preferable to blow air gently
along the heating elements. Because of the so-called "silicon carbide pest"
SiC elements should never be used below 750°C, otherwise the protective
Si0 2 film will crack and fastoxidationwill occur. The relationship between
surface Ioad and surface temperature of the SiC heating elements and the
furnace temperature is shown in Fig. 7.25; for comparison the permissible
surface Ioad of Kanthal Al wire heating elements at 1000°C is 4 V·i/cm 2 and
at 1250°C 1.7 W f cm 2 •
Molybdenum disilicide heating elements have significant ad vantages
over SiC such as a Ionger lifetime, higher maximum working temperature
and absence of ageing effect. Disadvantages are the higher price and low
resistancc, and MoSi 2 elements haYe to be handled with great care, so that
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furnacc construction shoulcl bc left to spccialists unlcss thc manufacturcr's
instructions t are followecl very carefully.
The lifetime of Kanthal Super l\' elements excecJs two ycars when thc
following precautions are taken (Scheel, unpublishecl):
(a) The furnace is never cooled below 800°C.
(b) Dry air is gently flown into the heating clcmcnt compartmcnt
continuously.
(c) Corrosi ve vapours cannot reach the elements.
(d) 'T'he temperature does not exceed 1500°C, and the surface Ioad shoulJ
not exceed a value of 15- 20 watts per cm 2 (see Fig. 7.26).
(e) If used below 1450°C, the furnace should be heated to 1450°- l500 °C
for one to two days evcry six months in order to anneal the elements
for strain remo,·al.
(f) The temperature of thc heating clements is rcgulatcd by continuous
control.
(g) Vibrations are prevented by placing the furnace on an anti-vibration
mount.

t
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(h) Th e U-s hape J hea tin g de me nts shouiJ hang freely fr om th c top uf the
fu rn au :.
(i) Th c hot zone of thc clemcnt should not rcach int o thc cerami c
in sul ati on .
(j ) Th c termin als shoul cl bc: kcpt coo l hy haYing a fn.:e di stancc bct\\-ccn
th e roof and th e co ntact of 4- 5 cm .
T he s urfacc Ioad of Ka nth al S uper d em cnts ancl th eir tempcraturc and
c urrent are p lott ecl aga inst the furn ace temperature in Fig. 7.26. Th c
s hadcd area s hows th e optimum co nditi ons. Th c res istancc inc rcascs
40
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F 1c. 7.26. Surface Ioad, tempe ratures and current of kanth a l supe r hea tin g
d cm ents (of 6 and 9 mm di ameter) ve rsus furn ace tempe ratu re.

stcepl y with temperaturc as show n in F ig. 7.27, wh erc for compari son th c
rcsistancc 7·ersus temperature ch ange of SiC, graphitc anc! K anth al .-\I arc
also shown .
Th e ox id ation behaYi our of l\IoSi 2 heating elements has been stu d iccl by
,-,ui ous groups. F itzer (1 956) was th e fi rst to desc ribe an anom ala us
m: id ati on b ehaYi our at tem peratures below 800° and ca ll ed it "sili cid c
pt·st". O n se,·e re oxicl ati on th e " pest" oxicl e co nsisting of crystalline
!\ loO" and amo rph ous S i O~ parti cles is form cd and th c hea tin g clem cnt
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F1r.. 7 .27. Electrical resistivity of various heating element materials.

disintegrates. Above 800°C a protective
2MoSi~

SiO~

layer can form according to

+ 70~ -2Mo0 3 + 4Si0~,

ancl the molybclenum oxide eYaporates (Bartlett et al., 1965) . .-\s was show"
by Wirkus and \Vilder ( 1966 ), another oxidation reaction occurs abon.:
1200°C and just beneath the protective SiO~ layer. This reaction may be
described by

Thus typical MoSi 2 heating elements consist of interior bulk MoSi 2 , a thin
Mo 5 Si 3 and an outer glassy or semicrystalline Si0 2 layer. The overall
oxidation of the MoSi 2 elements is controlled by oxygen cliffusion through
the Si0 2 layer. Generally MoSi 2 heating elements have a protective oxide
layer when delivered, and it is proposed to keep this intact by a slow Aow of
dry air along the heating elements.

TABI.E

:'\anll'

Cnn1posit ion

7.9 Properlies uf Firebril:ks and lnsulating Ceramies

Mclting
point

Max.
workin g

Dcnsit,· of
compound hrick

tenlpL·ratun..·

ceran11C

Thermal co nducti,·iry
compound Ceramie t
hrick
--

Siiica
Sillimanitc·
Mullit<·
.-\Iumina
Spine I
Zircon
7,irconia
Jkryllia

SiO,
.-\1 , 0" ,. SiO ,
3AI,0 3 > SiO,
.-\1,0,
MgAI,O,
ZrSiO,
ZrO,t
Beü

IIOO ' C
1500
1650
1800
IS50 °
1700
2300
2300"

1920
2020
21.l5
2420
2700
2570'

2.30
3.25
3.16
3.97
3.60
4 .56
5.60
3.01

i\lagrH:sia

MgO
Thü ,

2400
2400
2200 '
2000

2XOO
3050
2XOO
2410

3.5X
9.86
10.96
5.01

2.5
6.3

Graphill"
Horon nitridc· BN (hcxag.)
Silicon
SiC
carhidt·
Silicon nitridc Si,'\.1

3000 '
2000 '
1600

>· 3600
30000 (clec.)
2X30 (dcc .)

2.25
2.25
3.22

-I.'!
-1.9
· 2.6

1500

1900" (dec .)

3.44

. · 2.0

Silica glass
SiO,
woul
Cc·ramic wool
Zirconia wool ZrO,t

1000

1710

2.30

0.012

-0.001

3.20
5.60

o.oox

-0.00 1
-0.0005

Thoria
U rania
Yttria

uo,
v,o,

c

1710 ("

1200
2300

-1700
2550 °

t

1.5

0.012

2.3
. 2.0
2.X
2.2

o.oos

-

J.3
· 4.4
2.X

At 1000°C, in cal /cm ' C sec.

0.00'1
O.OH
0.013
O.OOX
0 .005
0.046
0.016
0 .007
0.02

0 .003
0.003
0.007
0.005
0.005
0.005
0.002
0.02
0.006
0.005

Thermal .-\tmusph.
shock

! .in .
cxpansion
codlicicnt

n..·sistatH.: e

0 .005

-

-----

-

0.5

10

,; ,

c

5.3
9.0 IX.6. 9.5)
X.H
4.2 (3.4. 5.h)
10.0
X.'!

good
nH:diun1
nH:diunl

poor
poor
good
po<lr

goocl

oxicl.
oxid .
uxid.

H

nH·diunl

oxid.

poor

any

3.2 (2.47)

- -

Corrocled hy Auoriclc s
Corroclccl hy Auoricl"s
Corro<kd ll\· Auoriclcs

any

ox icl .
nxid.
oxicl.
oxicl.

9.7
10
'!.3

oxid.

Corroclccl hy Auorides
Extrcmely poisonou s
clust ancl n1pours
Haclioactivc
Haclioactivc

any

0.16
2- 5
gond
0.04- 0.12 O.f)J - 0.07 0 .05 - 10 ( - 2) goocl
0.10
ll.ll2
4.4
good
0.045

Hc:marks

I reducin,g

f or Yacuurn
oxid.

Corroded hy Auoridt:s

good

neutral

Corroded by Auorides

good

oxid.

Corrodecl h,· Auorides

gnod
good

nxid.
oxid.

Corrnclcd by Auorides

! Stahilizecl " ·ith CaO or Y ,0".
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Thermal insulation in resistance furnaces is generally achievcd by
firebricks of which the most common with their properties are listed in
Table 7.9. Dense bricks can carry Ioads and are resistant to abrasion whilc
the lighter (porous) bricks are better insulators. The maximum working
temperature of firebricks based on mullite and sillimanite increases with
the alumina content. The space containing the crucibles is preferably
separated from the heating elements by dense ceramic tubes or plates. lf
platinum crucibles are used, care must be taken that thcy cannot come into
contact with silicon carbide ceramic because platinum alloys with SiC at
high temperatures; also borides, nitrides and metals should not contact
platinum. Only dense alumina-rich firebricks or pure alumina, spincl,
magnesia or zirconia ceramies are recommended as supports for platimun
crucibles.
Corrosion by flux vapours shortens the lifetime of the firebricks,
especially if porous bricks face the chamber containing the crucibles. The
resistance to corrosion is increased if such firebricks are coated with an
alumina-rich high-temperature cement. Also zirconia or SiC wall plates
may be used in order to decrease the number of repairs necessary. Anothcr
application of insulating bricks and ceramies is to fill the furnace chamber
as much as practical in order to reduce temperature fluctuations by air
convection and to increase the thermal capacity of the whole furnace.
lnduction heating is generally used when the required temperature
exceeds about 1600°C. At such high temperatures difficulties arise with
heating elements and their atmosphere requirements and with dense
ceramics, cspeciall y when the duration of experiments is of the order of
weeks or months as in many growth experiments from high-temperaturc
solutions. For work in neutral or reducing atmospheres graphite, mol ybdenum, tungsten and tantalum heating elements may be used, and excessiYc
loss of heat is prevented by the use of metallic radiation shields, generally
contained in water-cooled meta! containers. For oxidizing atmospheres ancl
temperatures exceecling 1700°C stabilized zirconia or thoria tubes may bc
used as heating elements; howeyer, these oxides haYe to be prcheatecl to
about 1600°C in order to make them sufficiently conductive.
The most reliable and practical way of heating to about 2000cC in any
atmosphere for crystal growth from high-temperature solutions is hy
induction heating, and this source of heat has been reviewed by May ( 1950),
Stansel ( 1949), Brunst ( 1957) ancl Simpson ( 1960). The frequcnc y of
generators is about 450kHz, and it should be noted that typical RF
generators have an output of about 50% of their power consumption. For
most applications generators of 15 to 30 kW R F power arc appropriate, and
care should be taken in obtaining sufficient coupling between the RF coil
and the conclucting crucible or melt . Also the wall thickness of meta!
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crucibl es should he unifor111, and thc crucihlcs as weil as insulation ur
radiation shiclds should b~.: ~.:mtn:d carcfull y in th~.: coil.
.-\ccording to Duncan et al. (1971) the penetration dcpth of thc RF
heating is givcn hy

[ with p thc rcsistivity in ohm-cm of the heated material, p. the relative
p ermeability of the heated material ( = 1 for non-magnetic materials), f th c
induction heating frequency (Hz) and d th e skin depth of th e material
heing heated, at which the current density reaches 1 /e~ 37 ° ;, of the value
at the surface]. The value of d is about sevcn times greater for 10kHz than
for 500 kHz (2.8 mm and 0.4 mm for platinum, respectively). Thus th ese
authors propose the use of 10kHz RF heating in orcler to overcome thc
common probl ems of hot spots ancl catastrophic failures, especially when
crucibl es are used near their melting points. Also 10 kHz motor-generators
arc said tobeinsensiti ve to line valtage fluctuations ancl tobe n :ry reliabk .
Special hcat sourccs might bc used for specific experi111ents. Thus for
transparent solutions the crystal growth process may be observed if
furnac es with transparent regions are used. For temperatures up to 11000
quartz-glass tubc furnaces with a slit in the insulation or reflectors havc
been usecl, and Lord and Moss (1970) d escribed a furnac e with water
cooling between t\VO concentric glass tubes. A furnace consisting of an
inn er quartz-glass tube with the heating wire wound araund it and an outer
concentric quartz-glass tub e with a thin gold layer evaporated on it was
first described by Rabenau (1963 / 1964) and later in detail by Reed (1973) .
.-'\n approximately 200- 500 A thick gold layer shows high reflecti vity for
thc infrared but is partially transparent to visible light. Another example
of transparent furnaces was reported by \Vood and Van Pelt (1972) who
used tin-oxide coated silica-glass tubes as transparent heating elements.
A spray coating system was used to achieve a uniform coating, and such
furnaces have been used up to 700°C.
Localized heating as necessary for temperature-gradient transport and
tra,·elling solution zone techniques has been discussed in Section 7.1.2.
H eat pipes may be useful for localized heating as \\·eil as for localized
cooling as indicated b y Steininger and Reed (1972) but except for a bri ef
mention in a paper of Steininger and Strauss (1972) heat pipes have not yet
founcl wide application in crystal growth from high-temperature solutions.
With heat pipes temperatures approaching 2000°C may be obtained, ancl
the lifetime of the heat pipe using Iithium as fluid ancl TZM alloy as pipc
material is said to be above one year (Harbaugh ancl Eastman, 1970) at a
temperature of 1500°C . Temperature stabilization neecls special preca utions
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and is best achieved by pressurc control of open hea t-pipe systems according to Vidal and II aller ( 1971 ).
7.2.2. Temperature control (including programming)

Temperature evaluation. Of the variety of temperature measurement ancl
control techniques only a few are generally used because of their reliability,
accuracy and convenience, and these are indicated in Fig. 7.28, tagether
with their common ranges of measurement and control. Thermometers
based on thermal expansion of liquids (and gases) and of solids (bimetal
thermometers) are very common and may be used up to relatively modest
temperatures (500°C) but are not applicable or reliable at higher
temperatures. Thus, in this section only resistance thermometry, thermoelectric thermometry and optical pyrometry will be discussed. The
measurement and control of temperature have been reviewed in
Liquid exponsion
Thermometers

---- -·· ···~

.Resistonce
Thermometry
Thermoelectric
Thermometry

----------

---~···········

···~

!-------+----··· ········· ····-

r-- ---------- ----------

Opticol pyrometry

I

0

I

I

1000

2000

Temp

3000

F1c. 7.28. Temperature ranges for m eas urem ent (broken lines) a nd reliahle
control (solid lines) fo r various common temperature evaluation tec hniques.

"Temperature" ( 1941, 1955, 1962), by Baker et al. ( 1953, 1961 ), Kostkowski
(1960), Rubin and by Best (1967).
How precisely and accuratel yt can a t emperature be measured ? This
question has been cliscussed, in addition to above references, by Dike
( 1958), Roeser and Lonberger ( 1958), Stimson ( 1961) and by Gray ancl
Finch (1971).
According to the International Practical Temperature Scale of 1968
(IPTS-68, 1969) the temperature is established by interpolating between
the points 100°C (boiling point of water), 419.58°C (freezing point of zinc),
961.93°C (freezing point of silver) and 1064.43°C (freezing point of gold).

t Precision is qualitatively the inverse of the (mean) deviation from a given
temperature, whereas accuracy is the inverse of the (mean) deviation from a p o int
on the (absolute) International Practical Temperature Scale of 1968.

oc
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In \· ariou~ lahnratoril·s thc frcezing pnints nf antimony (fi30S"C), alurninium
(fifiO. I °C) and coppl:r (I fiX3 oC) an.: u~cd for calihration, hut extreme carc is
necessary with respect to purity (corrosion of container, inAucnce of gases)
in all direct calibration work.
Chemieals of high purity needed for calibration according to IPTS-68
may be obtained either from a national institution of standardization or
from the ::\ational Bureau of Standards, Washington, D.C., U.S.A.
However, it is more convenient to obtain calibrated thermocouples,
resistance thermometers or pyrometers from comrnercial suppliers or from
th e aboYe institutions. The accuracy of temperature measurement at the
gold point (1064.43 °C) using calibrated Pt-PtRh 10°f<, thermocouples
may be as good as 0.2°C, and using non-calibrated commercial thermocouples the accuracy is generally better than 2.5 °C.
A standard thermocouple properly used has a precision of 0.1
around
the gold point, that means that the standard deviation is 0.1 o about the mean
of that laboratory. At the National Bureau of Standards Pt- PtRh10 %
thermocouples are annealed for one hour at 1450°C before calibration.
For ternperatures exceeding the melting point of gold thc mclting points
of palladiurn (1552°C) and platinurn ( 1769°C) have been proposed as
standards. For temperatures up to 1300°C the platinum 'cersus platinum
10% rhodium thermocouples are reliable to within 0.25 % if used in a clean
oxidizing atmosphere and if extended periods above 1300°C are avoided.
The International Temperature Scale above the gold point is defined in
terms of the Planck radiation equation and the ratio of the spectral radiance,
in the visible region, of a black body at the temperature to be measured to
the spectral radiance of a black body at the gold point. However, with a
black body and using a calibrated optical pyrometer (with disappearing
filarnent) the standard deviations from IPTS-68 at the gold point and at
2000°C may be as low as 0.6° and 3°, respectively. Generally in practice it
is found difficult to obtain a precision of better than 6°C using an optical
pyrometer.
The first part of the following section deals with temperature sensors
whereas the second part brieAy treats techniques for the control and
programming of the temperature of furnaces.

oc

Resistance thermometry. This topic has been reviewed in the general
references mentioned previously and by Berry ( 1966) while Daneman and
Vlergner (1967) discussed the equipment necessary for measuring exact
resistance ratios . Resistance thermometry is based on the change of
resistance of materials with temperature, and the resistance change is
measured with resistance bridges or potentiometers.
The resistance of pure metals increases with temperature whereas semi·'1
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conducting materials (e.g. gcrmanium, oxides) show a logarithmic decrease
in resistance with increasing temperature which is used in the so-called
thermistors.
Resistance thermometers allow very precise measurements of temperature
as long as the resistance of the meta! is not changed by recrystallization,
oxidation, impurities or evaporation. Thus nicke! and copper are generally
used only up to 200°C, platinum up to 1000°C, and tungsten, molybdenurn
and tantalum (in a protective atmosphere) up to 1200°C, whereas
thermistors are used up to 300°C and with special compositions (though
not reliably) up to 1600°C. The platinum resistance thermorneter may be
calibrated if prepared from ultra-pure platinurn and if mounted in a
helium-filled jacket. In Fig. 7.29 the dependence on ternperature of the
resistance of various materials is shown.
Resistance thermometry allows the measurement of temperatures up to
1000° with a precision not achieved by other techniques (MeT ,aren, 1957).
However, the limited temperature range and lifetime have prevented its
wide use in crystal growth from high-temperature solutions. An exception
i~ the range of Controllers marketed by CNS r nstruments, wh ich liSC
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platinum rcsistancc thermometers for temperature control up to 1400°C,
but for temperature regulation over extended periods the rcsistance
thermometer should not be used at temperatures higher than about 1000°
because of the change of resistance due to evaporation and recrystallization
of the platinum.
Thermoelectric thermometry. The most common temperaturc measuremcnt
ancl control techniques arc basecl on thermocouples. Since the thermodectric power of a variety of meta! and alloy combinations is known, thc
temperature of one junction can be determincd provided the other junction
has a known temperature, preferably the ice point (0°C). The thermoelectric power of a variety of thermocouples has been listed as a function of
temperature by Shenker et al. (1955) and is shown for high and low
temperatures, respectively, in Fig. 7.30(a) and (b). Table 7.10 lists thc
sensitivities at various temperatures, the maximum temperatures of use,
the necessary atmospheric conditions and the stability of a variety of
thermocouples.
At temperatures up to 600° the similar thermocouples copper-constantan
and iron-constantan are commonly used, whereas for temperatures up to
900°C the chromel-alumel thermocouple is popular. Palladort and
Platine!~ (Pt, Pd, Ir, Au alloys) are thermocouples with a high sensitivity,
comparable with chromel-alumel, and which can be used up to 1200 and
1300°C. Platinum ursus platinum rhodium 10% is the most frequently
used thermocouple for the range 500° to 1400°C, although other thermocouples based on noble metals are now available which are more stable at
higher temperatures and have similar sensitivity above 1000°C. As an
example the platinum 94% rhodium 6% versus platinum 70% rhodium
30°~ is listed which has the advantage of having a negligibly small
sensitivity around room temperature. Scheel and West ( 1973) use
thermopiles made from several PtRh6% ·versus PtRh30% couples as
sensing elements for furnace control. Suchthermopiles have the advantage
of very high sensitivity so that changes in e.m.f. due to variation in the
furnace temperature are very !arge in comparison with noise or changes due
to variation in the ambient temperature. The latter effects normally result
in ftuctuations at the input to a furnace controller of about ± 3 p. V which
corresponds to the change in output from a Pt ·ursus PtRh10% thermocouple due to a change in the furnace temperature of ± 0.3 °C. A sensing
device of high sensitivity to variations in the furnace temperature but
insensitive to cold junction temperature changes is therefore necessary if
stabilization to say :: 0.05 °C is to bc achieved. The PtRh6% 'i'ersus

t 'T'rademark of Johnson

Matthey LtJ.

t Trademark of Engelhard Industries.
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temperature range 0° to 50°C.

TABLE 7. 10. Prope rti es of Various Thermoco upf es
Thermocouple
25 °C
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1200°C
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PtRh30% thermocouples have the additional ad\·antage of a long lifetime
at temperatures up to 1600°C.
For tempcratures t~xcectling 1~Uuv c thcrmocouplcs basctl on tungstcn or
rhenium are used, but the brittleness, the instability and the stringent
requirements on atmosphere Iead many researchers to prefer optical
pyrometry where possible. The fragile nature of the carbon-based thermocouples prevent their popularity although their sensitivity is extremely high.
Some remarks on the thermocouples based on platinum alloys are
appropriate as these are in common use in crystal growth from hightemperature solutions, and several of the points also hold for other
thermocouple materials. Many aspects, including chemical and physical
properties and stability, are discussed by Caldwell (1962) and by Vines
( 1941 ). The generat features of thermoelectric temperature measurement
have been discussed by Finch ( 1966).
The most stringent requiremcnts are those of purity, which should be
better than 99.99% of the individual meta! or alloy, and of homogeneity.
Any physical and chemical inhomogeneities produce spurious effects by
acting as thermocouples themseh-es . A clean oxidizing atmosph ere (e.g . air)

is necessary, and traces of hydrogen, carbon monoxide, hydrocarbons,
sulphur (or other chalcogenide), pnictides (except N 2) or metal-containing
vapour corrode the platinum-based thermocouples or may have an effect on
its thermoelectric characteristics. The oxidizing atmosphere also keeps all
trace impurities oxidized so minimizing their influence. In addition, the
insulating ceramic tubes should be of high purity and should not contain
silica (Si0 2 , mullite, sillimanite) since Si0 2 has a detrimental effect in
reducing atmosphercs or at high temperatures, and metals, carbides,
borides etc. cannot be used in contact with platinum-based thermocouples
because of alloying. Also the ceramic sheath tubes made of high-purity
alumina should be impervious in order to prevent volatile Aux components
(e.g. PbFJ from coming into contact with the thermocouplc. The high
temperature Iimit for a variety of thermocouples as given in Table 7.10 may
be lowered by the material which it contacts (insulating or sheath tubes),
and this aspect is discussed in Section 7.2.3 .
The optimum diameter for thermocouples based on platinum is 0.5 mm
but thinner wires of 0.1-0.2 mm may be preferred for a fast response, and
thicker wires are used under harsh conditions because of their mechanical
and thermal stability. Volatility is an important factor for noble meta!
thermocouples (and resistance thermometers) at high temperatures. For
instance, the loss of platinum in vacuum is 7 x 10- 20 g cm - 2 s- 1 at 727°C,
5 x 10- 11 at 1227°C and 10- 6 at 1727°C (Vines, 1941 ). According to Crookes
( 1912) platinum is twice as volatile as rhodium in air at 1300°C, one-third
as Yolatile as palladium, and one-thirtieth as volatile as iridium, and these
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differcnccs in volatility are pa1 tially explaincd by the relative casc uf formation of volatile oxides.
Recrystallization isanother cause of limited lifetime. Alternating cooling
and heating, by its expansion effects, may cause failure of a recrystallized
thermocouple junction. In order to achieve precise and reliable thermocouple output thc thermocouples should be regularly replaced after a period
of hours or months depending on the couple material and the conditions
of use.
For exact temperature recording and control a reference junction held at
a precisely controlled reference temperature is required, or the thermocouple may be connected to copper held at exactly Ü°C (see Figs. 7.31a
and b ). A controlled 0°C junction based on Peltier cooling is convenient
and the triple point cell of waterwith a temperature of + 0.0099° ± 0.0001 oc
may be used if the duration of experiments is not too long (both reference
systems are commercially available). Reference baths at other temperatures
than Ü°C have the disadvantage that the e.m.f. is not zero (or nearly zero).
Extension wires prepared from alloys with similar thermoelectric
characteristics are frequently used hecause of their lower price and higher
mcchanical stability. In this way a thermocouple is extended to the
reference temperature or the measuring or control unit. However, the
accuracy decreases with the use of extension wires, and care must be taken
that all Connections of the pair of thermocouple wires or any extension
wires areisothermaL
The small thermocouple signals necessitate careful shielding and
grounding, otherwise stray voltages may be introduced by direct coupling
or by capacitive coupling. If the thermocouple line is close to motors,
transformers or power-circuits it can only be fully shielded by magnetic
shielding. Non-magnetic shielding can be penetrated by magnetic fields of
not too high frequency. Twisting of the thermocouples minimizes such
magnetic interactions. Also a coaxial arrangement of the thermocouple line
has many advantages. Grounding should be effected according to Fig.
7.31(c) or (d).
In certain cases the use of a thermopile might be necessary in which a
number n of thermocouples are connected in series and produce n times
the e.m.f. of a single thermocouple and thus a )arger signal. If an average
temperature signal is required then several thermocouples of equal
resistance are connected in parallel. A special arrangement for rotating
thermocouples using electrically isolated ballbearings as coupling elements
in a thermocouple circuit has been described by Robertson and Scholl
(1971). Such an arrangement may be advantageaus as an alternative to a
commutator for growth on a rotating seed or by the accelerated crucible
rotation technique (see Section 7.2.7).
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F 1c . 7.31. (a)-(d) Thermocouple ar rangemen ts and m ethods o f shie lding.

Temperature measurement by optical py rometry is used when th ermoelectric tech niques are not reliabl e, for example at high temperatures and
in corrosive gas atmospheres, or in induction heating. HO\\'e\·e r, vapo urs
and material condensed on th e observation windows mi ght have a dramatic
effect on th e reliability of optical techniques. Optical th ermometry has been
described in "Temperature" ( 1941, 1955, 1962), by Harri son ( 1960),
Dike et al. ( 1966 ), Eu ler and Ludwig ( 1960), Kostkowski and Lee ( 1962)
and by Poland et al. ( 196 1).
Many optical pyrometers (e.g. the disappearing filament) indicate th e
brightness temperature, so the spectral em issivity of th e radiating sou rce
(the region of which th e tempe rature has to be measured) as weil as
reflectance and absorption of th e windows and Jenses between object and
pyrometer may Iead to deviations from the true temperature. Thus the
indicated temperature can be more than 10% lower than the actual
temperature. ldeally the whole arrangement should be cal ibrated us ing
fixed points. Emissivity is thc emittance of a material having an optically
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smooth surface and a thickncss sufficient tobe opaque, and cmittance is the
ratio of thc encrgy radiatcd by a surfacc (pcr unit area and unit time) to
thc energy which would be radiatcd by a black body at the same
temperature. Applying vVien's law, the true tcmperature T is related to the
brightness temperature T11 by

~~-} =

- (A(CJ log,. E;,

where C 2 is the second radiation constant (1.438 cm degree) and E;. the
emittance at wavelength >.. Typical values of spectral emittance are given
in Table 7.11 and a few temperature corrections for various emittances and
temperatures are listed in Table 7.12. Quartz-glass windows and lenses
necessitate corrections of the order of 5 to 30°C. In applying temperature
corrections it must be kept in mind that the surface structure of the
observed hot body (e.g. crucible) has a significant etfect on the emittancc.
The prohlem of the cmissivitv may be reduccd by thc use of a two-colour
pyrometer which compares the radiation at two different waYelengths as
suitablc filters are introduced alternately into the radiation ("Temperature"
1962, p. 419). The output voltage from the detection system may be
calibrated in terms of the source temperature.
Radiation pyrometers or photoelectric pyrometers can, in addition to
indicating, also record and control the temperature and are used for
example in silicon production by Czochralski-pulling.

TABLE 7.11 . Spectral Emittances

<

for Various :\1aterials

Material
-

-

- - --

Material
-

- - -- -

Graphite
Graphite, powder
Gold, solid
Gold, liquid
Iron, solid
lron, liquid
:\1olybdenum, solid
Platinum, solid
Platinum , liquid
Tantal um
Tungsten
.\ 12

0.76
0.95
0.04-0.16
0.07-0.22
0.35-0.37
0.37
0.37-0.43
0.30-0.38
0.38
0.50
0.39-0.46

Al,O"
BeO
Fe"O"
Fe2Ü3, liquid
steel, oxidized
:\1g0
Th0 2, solid
Th0 2, liquid
Ti0 2, solid and liquid

Y,O"
Zr0 2

0.30
0.31-0.35
0.63-0.98
0.53
0.75-0.90
0.70
0.50-0.57
0.69
0.51, 0.52
0.60
0.40
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TABLE 7.12. Temperature Corrections for Various Emittances • and Temperatures,
Calculated for the Effective Wavelength ,\ = 0.655 11.

•

800°C

1000°

- - - - - --

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

136
91
67

so

38
27
19
12
6

1200°

1400°

1600°

1800°

2000°

2200°C

269
178
129
96

355
233
169
125
93
68
47
29
13

457
297
214
158
117
85
59
36
17

575
371
265
196
145
105

710
453
323
238
175
127
87
54
25

864
546
387
284
209
151
103
64
30

-

196
131
95
71
53
39
27
17
8

72

52
36
22
10

72

45
21

In order to overcome the problern of absorption by vapours and windows
a light pipe has been proposed. A sapphire single crystal is fixed near to or
at the object (crucible), and the radiation transmitted by this lightpipeout
of the hot region is sensed by appropriate thermocouples or radiation
sensitive devices.
An infrared television system has been successfully applied to Czochralski
growth of refractory oxides and of copper crystals by O'Kane et al. ( 1972)
and by Gärtner et al. ( 1972). Process control using a Computer allowed
exact control of the crystal diameter, and similar equ ipment could be
helpful or necessary for th e growth of "difficult" crystals by the top-seeded
solution growth technique.

Temperature control. The signals obtained from the various temperature
sensors are generally amplified and used to control the power input to th e
furnace. In the following we shall restriet the discussion to thermocouple
sensors and resistance heating, the arrangement most typically used in
crystal growth from high-temperature solutions. The regu lation of RF
generators has been discussed in Section 7 .2. 1. Mechanical temperature
regulators and on-off control do not fulfil the requirements of crystal
growers and have been progressively replaced by electronic Controllers and
by proportional or continuous (or stepless) temperature control to wh ich
the following discussion will therefore be restricted.
In a regulation system as shown diagrammatically in Fig. 7.32 pure
proportional control of the furnace temperature is defined by

P-P0 =Kp(W-X),
where P0 is a chosen mean value of the input power. If P- P 0 and W- X
are expressed in the same units then Kp is a dimensionless constant which
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w
Fig. 7 .32. Temperature regulation circuit (diagrammatic).

ts a measure of the amplification of th e feedback signal W- X. Thc
reciprocal Yalu e 100/ Kr expressed in percent is called the proportional
band width. A purely proportional-controlled system is stable only if the
output indicates any changes in the input (heating power) immediately and
proportionally. In normal systems this is never the case, and the time
constant is a measure of the delay time caused by the heat capacity of the
furnace and of the sensing thermocouples. With pure proportional control
the steady-state temperature deviates from the set point, and the degree of
deYiation changes irregularly within the Iimits of the proportional band.
The difference W- X decreases with !arge Kp, but either the stability of
th e system or the instrument itself Iimits the maximum Kp.
In order to achieve a stable temperature without a setting error in real
systems with a response time lag the so-called three-term Controllers or
PI D controllers should be used. These contain in addition to the adjustable
proportional band (P-term) the integral (/) and the differential (D) terms.
The idealized I-term depends on the integral of the feedback signal so that
the power delivered to the furnace includes a term
P 1 (t)

1
=
TJ

J
1

(W - X) dt,

0

where ( W- X ) is again expressed in thc same units as P and 1/T1 is the
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adjustable proportionality factor of the I-term, -r 1 being called the integral
time. Thus the integral term produces an increase in the heating power
which is linear with time. Integral control (also named reset control) has
the effect of shifting the proportional band in such a way that the deviation
of the actual temperature from the set point is minimized (which is
achieved neither by P- nor by P + D-control).
ldealized differential control or derivative (or rate) control depends on
the differential of the feedback signal so that, at time t, the output of the
controller has a component
d

Pv(t)=Tv dt (W- X).
The addition of differential control reduces the tendency towards oscillation
when the proportional band is narrowed (i.e. Kp made large). If the chosen
derivative time -rv is too large, a small change of the actual temperature
will drive the Controller to its Iimits of zero and maximum power, so that
the systcm tcnds to\vards on-off control with a long time constant.
The generat equation for a three-term Controller is

P(t) -P0 =Kp(W- X) + -1

~

J(W- X) dt +TD -d(W-X)
d- - .
1

0

t

Although it would be possible to calculate the optimum proportional
bandwidth, integral time and derivative time such a calculation would be
very complicated considering the many factors which have to be takcn into
account (furnace design, characteristics of heating elements, power supply,
thermocouples, etc.) and which are generally not known.
In practice the P, I and D terms are set by "experience" or by measuring
the time constant of the system. A practical procedure to optimize the
parameters of PID Controllers has been described by Ziegler and Niehots
( 1942). Firstly, the I and D terms are adjusted in order to obtain pure
proportional control by setting the integral time as !arge as possible and the
differential time as small as possible. By increasing the amplification Kp
to a value Kp( crit.) where undamped oscillations are just achieved the
period T(crit.) ofthese oscillations can be determined. Then the parameters
of a PI D controller are set as follows:

Kp = 0.6 Kp( crit.)
T 1 =0.5 T(crit.)
Tn=0.12 T(crit.).

If the dynamic behaviour (amplification factor FA, time constant

Tn

dead
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time Tr~) of thc control ~y ~tcm
according to Oppclt (1()64):

•~

f-:1, =

known thcn thc

1.2

paramet e r~

353
are set

~c -~
Trt

= 2 T.t
TJJ = Ü.42

f ..J

TJ

T.t

(see also Smith and Murrill, 1966).
The effect of the various control techniques for a typical furnace system
is demonstrated in Fig. 7.33. A.s shown with examples 1 and 2 the sensing
thermocouple should be near to the heating element and the same applies
in PI D control, since the dead time is thus decreased. In addition to an
optimum setting of the PI D terms, a stabilized power supply is necessary
for highest precision of the temperature control, as proved by examples
8 and 9 where the temperasure is shown tobe unaffected by a change in the
line Yoltage.
X· The'M 1rt altyp!Uit end

dlfOfr'od ()fl ~~ agpiQttQI'I

I

Xl"c

1-

Lin<
Volls
ktNW

2

3

6

7

8

F1 c. 7.33. Typical control records, recorded from the control thermocouple,
using various control methods. Thermocouple :\ inch from heater in all cases
except 2 (Courtesy Eurotherm Ltd.). (1) On-off control. (2) On-off control.
Thermocouple 1t in from heater. (3) Proportional control. Proportional band too
narrow. (4) Proportional control. Proportional band wide. (5) Proportional
control. Proportional band optimum. (6) Proportional + integral control. (7) Proportional + integral + derivativ e control. (8) Proportional + integral + derivative
with power stabilization . (9) Proportional -~ integral + deri vative with power
stabilization with derivative start up.
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By using a high-quality commercial PID controller and an arrangement
similar tothat shown in Fig. 7.34(a), by careful installation of the sensing
thcrmocouplc and of thc signal lincs, vcry prccisc control of furnacc
temperatures may be achieved, of the order of 0.1 to 0.5°C at temperatures
around 1200°C using anormal Pt/Pt- 1ORh thermocouple. The arrangemen t
of Fig. 7.34(a) is a typical example.
STABILIZED
POWER SUPPLY

FURNACE
(LOAD)

1+----------1

THYRISTOR
OR
SATURABLE
REACTOR

THERHOCOUPLE

PID
CONTROLLER

PROGRAMHER
(ELECTRONIC
RAMP GENERATOR,
HELlPOT DRIVE,
ETC.)

CONSTANT
VOLTAGE
SUPPLY
(D.C.)
POSSIBLE SEPARATED FROM
THE POWER SUPPLY TO THE
THYRISTORS).

(a)

( b)

(c)

F1c. 7.34. (a) Example of furnace-sensor-controller arrangement for precise
temperature regulation. (h) Continuous control by phaseangle firing. (c) Continuous
control by fast cycling.
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Thc signal from the PI D controller may regulate a saturablc rcactor or a
thyristor which is itsclf connected to the heating elements directly (resistive
Ioad) or Yia a Yariac or transformer (inductiYe Ioad). Saturable reactors
( or magnetic amplifiers) are very reliablc and not sensitive to mechanical,
electrical or thermal disturbances whereas the thyristor (also called siliconcontrolled rectifier S.C.R.) is faster, eheaper and more sensitive. In
thyristors the power control is achieved either by phase angle .firing or by
fast cycling, the principles of which are schematically shown in Fig. 7.34(b)
and (c). Phase angle firing obviously distorts themains waveform and with
!arge installations this might be serious. It can also cause radio interference,
and for these reasons phase angle firing should not be used in research
laboratories except where precautions are taken. Rapid cycling if synchronized ,,·ith the mains does not distort the mains waveform, and therc
is no radiated interference. However, in both cases, specific difficulties may
arise and should be discussed with specialists.
Temperature progranzming. According to Fig. 7.34(a) programming is
achieved by changing the rnillivolt set point. The sirnplest way to do this
is to changc the resistance in the m V circuit by means of a motor-driven
potentiometer (Hclipot) or similar device. The precision is frcquently not
sufficient, and potentiorneters are sensitive to dust and vapours thus
necessitating frequent cleaning. Motors with changeable gears t attached to
helipots pro,·ide a wide range of cooling rates which are, depending on thc
type of therrnocouple, more or less linear. As was pointed out by Scheel and
EI weil ( 1972), by Pohl and Scheel ( 1975), and in Section 6.6, the cooling
rate should frequently be below 1°C per hour and the ternperature
regulation better than 0.1
for flux growth of oxides by the slow-cooling
technique, and these goals necessitate the application of fully electronic
programmerst or of computer-assisted process control. Also the commercially available instrurnents with rotating cams or drurns, in which thc
programmed Yalue of the temperature is sensed mechanically or optically,
are generally not sufficiently precise. Laudise ( 1963) pointed out that the
precision of the temperature control should be cornmensurate with the slow
cooling rat es used, and Scheel and EI weil ( 1972) expressed the necessity of
a continuous (stepless) cooling curve if crystals of high quality are to bc
grown. Further details of temperature programming in the slow-cooling
technique are discussed in Sections 6.6 and 7.1.2.

oc

t For instance of Halstrup, 7815 Kirchzarten, W -Germany.
~ For example, Eurotherm Ltd. (Worthing, Sussex, England) offers electronic
programmers in which capacitors are slowly discharged by field-effect transistors
and thus generate an electronic ramp.
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7.2.3. Crucibles
Most experiments in crystal growth from high-temperature solutions are
carried out in containers, either in crucibles or in ampoules. Thus crystal
growers are faced with the choice of a practical crucible material which
should be resistant to corrosion by the solvent, solute and the atmosphere
at the high growth temperatures. Further requirements are a high
mechanical strength, ease of shaping and of cleaning, good thermal shock
resistance, reasonably long lifetime (little recrystallization) and a low price.
There are two materials which fulfil most of the above requirements,
namely graphite and silica glass (also called quartz glass). These two
materials have many unique properties and find wide applications, graphite
for several metals which have a low tendency towards carbide formation
and for such compounds which are stable against reduction, especially for
the preparation of semiconductor crystals and of semiconductor layers by
liquid phase epitaxy. Silica-glass crucibles, boats and ampoules may also be
used for the preparation of semiconductors and for those metallic melts
which do not cause reduction. Obviously Si0 2 glass cannot be used to
contain solvents for oxides and for oxide melts, and its upper Iimit of
temperature is around 1100°C (1000° for extended use). For growth of
most oxides and oxide compounds, platinum is the only choice because of
its resistance to corrosion, and it has to be used despite its high price and
softness. Thus the various aspects of the use and handling of platinum
crucibles will be discussed in some detail.
As a rule suitable crucible materials are those which have a type of
bonding different from that of solvent and solute provided that no
decomposition reaction occurs. The difference in the chemical bond type
generally Ieads to a sufficiently small solubility of the crucible material in
the solvent, especially when this material has a relatively high melting
point. Examples of the bonding difference rule are the use of platinum
crucibles for ionic melts, of (ionic) oxide and of covalent graphite and
nitride crucibles for metallic melts, and further examples are given in
Table 7.13 which lists the most common crucible materials with their
properties and their applications. Table 7.14 summarizes the corrosion
resistance of various crucible materials against a variety of molten metals
for 300° and 600°C, respectively, and several properties of a variety of
crucible materials have already been listed in Table 7.9 (see Section 7.2.1).
In Table 7.15 examples of crucibles for a variety of melts and solutions,
together with the temperature range, are given [see also Janz ( 1967 )] .
A well-known rule in solid-state reactions is that the reaction between
two compounds of similar bond type starts at temperatures of 0.3- 0.4 TF
for metals, of 0.6 TF for ionic compounds and 0.8-0.9 TF for silicates.
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TF is the mean absolute melting point of the two components. According to
these values, compounds may be melted in crucibles of the same bond type
if the above values are not exceeded, that is, if the melting point of the
solvent or solution is much lower than that of the crucible. For example,
sodium chloridc may be melted in alumina crucibles, and several low
melting point metals may be contained in refractory meta! crucibles.
However, many refractory meta) crucibles (except noble metals) cannot be
used for ionic compounds since they are oxidized by the latter.
Table 7.16 gives the temperatures at which reactions between refractory
materials start, so that mechanical contacts between two different materials
(for instance crucible and support) should be held at significantly lower
temperatures than those given in the table. Further information on the
usefulness of crucible materials and of their reactions may be obtained from
the appropriate phase diagrams (see Sections 3.7- 3.9).
Much information on refractory materials, on high-temperature oxides,
refractory metals, carbides, nitrides and on the corresponding phase
diagrams has been collected in a book series edited by Margrave ( 1965- ),
in High Temperature Technology (1960), by Campbell (1959) and by
Kingery (1959).
Composite materials, glass-ceramics and cermetsfind several applications
in high-temperature technology due to the often unique properties
originating from the combination of two or more components. However,
in ftux gro\\·th corrosion is generally the greatest problem, and so crucible
materials are chosen mainly to minimize this problem. However, coatings
of more corrosion-resistant materials on Containers made of materials with
high mechanical strength (and frequently lower price) may be useful for
several applications in crystal growth. For instance, oxides (AI 20 3 , Zr0 2 )
are ftame- or plasma-sprayed on to refractory metals and vice versa.
Frequently one may observe that resistance to corrosion increases with
higher purity of the crucible material.
Corrosion is related to the wetting angle of the melt. The )arger the
difference in the type of bonding between crucible and melt, the smaller
the wetting and the corrosion normally observed. Although it has been
proposed to determine covalency or more generally the bonding character
from the measured wetting angle and thus to select optimum crucible
materials, such determinations of wetting angles are not conclusive. The
contact angles frequently depend strongly on the atmosphere, on the
surface finish of the solid phase, on adsorbed gas and impurity layers and
sometimes even on surface reaction products. However, some useful
conclusions may be obtained if a series of experiments are performed as by
Champion et al. (1973) on the wetting of refractory materials by molten
intermetallic compounds.
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TABLE 7.15. Crucible Materials Used for Various Melts and Solutions, and the
Maximum Temperatures Applied
Melt or solution
Pb

Crucible
Nb, Ta
BeO, SiO,

c
Bi

Bi- Pb- Sn Eutectic
Ga

Porcelain
Pyrex
Mo,C
Nb
SiO,

w

Pyrex
W,Re
Ta, Zr0 2 , Pyrex
Nb, Mo

c
Al

Zn
Sb
Ti
La + LaB,

BeO
AI,0 3
SiO,
AI,O,, BeO

c

ThO,, ZrO,
C, Al 20 3 , SiC

c

Y,O,
Ta

Eu + EuO
US, + US

w
w

Ti,O,
Alkalihalides
Bi,O,
KOI-1 + BeO
KF + V,O. + V,O,

\lo
Supremax glass
ThO,
Ag
Pt

v,o.

Pt
Pt
Pt
Pt
Pt
Pt
Ni

PbO + PbF 2 + Oxides
PbO + B,O, + Oxides
PbO + V,O, + Oxides
BaO x 0.6B 2 0 3 + Oxides
KF + BaTi0 3
Na,CO, + BaTi0 3

Temp. ( 0 C)

Reference

950
1000
550
850
350
1000
450
900
500
300
800
500
400
> 800
> 1000
1150
if oxygen-free atm .
1160
1000
1200(1700)
> 1000
900
1300
Helferich and Zanis (1973)
-1700
1200-1700 Deacon and 1-liscocks
(1971)
Shafer et al. ( 1972)
2150
1700-1900 Van Lierde and Bressers
(1966)
1820-1920 Reed et al. ( 196 7)
Janz (1967)
750
1100(4h) Ti ehe and Spear ( 1972)
Levin et al. (1952)
550
McWhan and Remeika
950
(1970)
max. 700 Kennedyeta/. (1967)
1300
Various authors
Various authors
1300
Various authors
1350
Various authors
1400
1200
Various authors
Reducing atm., Kawabe
1200
and Sawada (1957)
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Thermodynamic data may give some general indication of the stabilities
of crucible materials and their reactions with high-temperature melts, but
results to better than thc order of magnitude must not be expected because
of the limited reliability of much thermodynamic data, of the influence of
the grain size, impurities and dislocations of the crucible material, as weil
as of the detailed chemistry of the solution and the gas atmosphere. The
data for stabilities of the crucible materials given in Tables 7.13 to 7.16
must be regarded as approximate. As an example of the estimation of
interface reactions using thermodynamic data, the paper of Armstrang et al.
(1962) may be mentioned. These authors claimed that at fairly high
temperatures strong reactions with silica occur for those metals of which
the oxidesform low-melting eutectics with silica.
In the following paragraphs two classes of crucible materials will be
discussed in detail because they are the most frequently used in flux growth,
namely (A) ceramic crucibles, and (B) noble meta! crucibles. The generat
aspects of the size of crucibles are discussed in Section B.

A. Ceramic crucibles.
Silica: Silica glass is highly corrosion-resistant and is easy to form to any
desired shape. It is transparent and has a low thermal expansion coefficient,
so that it is resistant to thermal shock. The resistance of silica against
corrosion can be increased by deposition of a thin carbon layer obtained by
decomposition of acetone or ethanol at 500 to 700°C in an atmosphere low
in oxygen or by deposition of an alumina layer about 500 A thick as
reported by Widmer (1971 ). Silica glass crystallizes slowly around 1000°C
(especially where traces of alkali, like NaCI from sweat, are present) and
more quickly above 1100°, and the crystallization products, tridymite and
cristobalite, undergo destructive phase transitions between 100 and 400°C
so that recrystallized silica frequently breaks or explodes in this temperature
range. At temperatures above 1100° softening takes place, but silica glass
can be used for Czochralski growth of silicon at 1540° when its shape is
maintained by an external graphite Container. Chemically silica is stable
against carbon, many metals, sulphides, selenides and halides up to 1000°C,
but it is attacked by fluorine-containing vapours and liquids, basic melts
(with formation of silicates), many oxides, hydroxides, phosphates, alkali
and alkaline earth metals, aluminium and boiling phosphoric acid. Lead,
tin and cadmium corrode silica only if the ampoule contains traces of
oxides. For experiments in oxygen- and water-free atmospheres the
hydroxide layers adsorbed at the surface must be removed by etching with
HF-HN0 3 mixtures, immediately followed by short rinsing with metalfree distilled water and subsequent heating at 1000°C for two hours in
vacuum. For use at temperatures below 750°C silica glass may be re-
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placed by Vycort or Suppremaxt, below 500°C by Pyrext or Durant
glass.
Oxide ceramies: Of the pure oxide ceramics, alumina finds the wielest
application in crystal growth from high-temperature solutions, but the
more expensi,·e zircon ZrSiO .., zirconia Zr0 2 and thoria Th0 2 are generally
more restant against corrosion. For example, thoria is not measurably
attacked by bismuth oxide at 1100° and thus can be used for growth of
Bi 4 Ti 3 0 12 and similar compounds (Tiche ancl Spear, 1972). For many
applications (melts of metals, sulphides and halides except Auorides) the
relatiYely inexpensiYe porcelain (mullite, sillimanite), or ceramies based on
magnesium silicates, pyrophyllite ancl Lavitet which can bc shaped before
the first firing are adequatc. For example, glazed porcelain crucibles have
been repeatedly used for potassium pyrosulphate melts between 700 and
900°C in order to clean platinum crucibles. Accorcling to Jaeger ancl
Krasemann (1952), who inwstigated the stability of alumina against various
agents, borax melts polish the surface of alumina ceramics. However,
silicatesarenot useful in reducing atmospheres at high temperatures. Most
ceramic crucibles are sensitiYc to acids and are cither dissolved ( BeO, MgO,
CaO), or show cracking when reheated after cleaning with acicl. In many
aspects new types of ceramies which have nearly 100% density and are
translucent or c\·en transparent (AI 2 Ü 3 , Yttraloxt = 90° 6 Y 20 3 , 10°6 Th0 2 )
have many adYantages (corrosion resistance, vacuum-tight, high maximum
working temperature) but are clisaclvantageous with respect to thermal
shock resistance. For special applications single crystalline alumina
crucibles and tubes proclucecl by Aame fusion or edge-defined film-fed
growth might be useful.
Ceramic containers and tubes may be sealed if required either by a hightemperature cement or by welding with a Aame or plasma. In principle
cheap ceramic containers coverecl with a thin platinum layer might be used
as a replacement for the very expensive platinum crucibles, or corrosionresistant layers (e.g. of Al 2 0 3 or Zr0 2 ) may be evaporated or plasmasprayecl on to porous and thus shock-resistant crucibles, but such
combinations have not yet founcl wide applications.
Base metals and non-oxide ceramies: Of the base metals nicke!, stainless
steel, molybdenum, tungsten and tantalum are most frequently used as
crucibles, but at temperatures above about 500° oxygen- and water-free
atmospheres are required. At such low oxygen pressures as 10 - 3 atm and
at high temperatures up to 10 atom 0 6 oxygen is dissoh·ed in niobium and
tantalum whereas in molybdenum and tungsten the oxygen solubility is
smaller by orders of magnitude. At high er oxygen concentrations the metals
are completely oxidized. The oxidation behaviour ancl other properties of

t Trademarks.
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refractory metals have been described by Jaffee in High Temperature
Technology (1960), and the oxidation of Nb and Ta is discussed by Fromm
and J ehn ( 1972). Molybdenum and tungsten crucibles are suitable for
containing melts of pure molten alumina, but are attacked by ruby melts.
In crystal growth from high-temperature solutions Mo, W and Ta
crucibles are probably most widely used for growth of chalcogenides of the
lower valency states from the corresponding meta! melts (e.g. EuS, EuSe,
EuTe from Eu) as weil as for growth of other refractory compounds
(WC, LaB 4) from metallic solutions.
Sawada et al. ( 1951) and Kawabe and Sawada ( 1957) used nicke!
crucibles for the growth of BaTi0 3 from Na 2C0 3 solution in a reducing
atmosphere and found no attack of the crucible. In air or even in nitrogen,
nickel is attacked by carbonate melts. Hauptman et al. (1973) used iron
crucibles for growth of Fe 2Ti0 4 from Ba0- B2 0 3 solutions in a nitrogen
atmosphere and Garrard et al. (1974), Ni and Mo for growth of fluorides.
Of the non-meta! non-oxide refractories graphite is probably the oldest
and most popular, and the development of pyrolytic graphite and of
glassy carbon has extended the usefulness of carbon crucibles. A characteristic of graphite is that its strength increases with temperature and so is
higher than many other refractories (BeO, MgO, Zr0 2 , W) above 2000°C.
Because of its corrosion resistance, its excellent thermal shock resistance
and its relatively low price, graphite is the first choice as crucible material
formetals (except those which form carbides), fluorides, and sulphides. lts
disadvantages are its reducing action and that it has to be protected from
oxidation above about 500°C. The I II -V analogue of carbon, boron nitride,
shows a slightly better oxidation resistance and a \·ery high electrical
resistiYity of about 10 7 Q cm at 1000°C. BN is resistant to moltcn nonferrous
metals and many salts, and its oxidation in air starts only aboYe about
900°C.
Another III - V analogue is the nitride Air-;, and All\ ceramies containing
small amounts of silicon carbide decompose above 2200°C and are Yery
resistant towards molten metals. They are not wetted by molten steel and
do not react with cryolite melts at l040°C. In air AIN is oxidized aboYe
about700°C.
Silicon carbide is the most important of the refractory carbides. lt has a
hardness 9 on the Mohs scale, a high thermal conducti\·ity and low thermal
expansion coefficient and is thus very resistant towards thermal shock.
Another advantage of SiC is its oxidation resistance up to about 1550c
(with the exception of the range below 750°C where "silicon carbide pest"
occurs and where the protective Si0 2 layer cannot form so that SiC is
oxidized).
Little attention has been given to refractory borides, silicides and
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sulphides and thcir application to Aux gro'vvth although thcy arc cxpected
to exhibit a good corrosion resistance against metals and fused salts, and a
reasonablc stability bccausc of thcir high mclting points, gcncrally bctwecn
2000 and 3000°C. For example, zirconium boride ZrB 2 has a melting point
of 3040°C, is oxidation-resistant up to 1000° and is not wetted hy many
molten non-ferrous metals such as Zn, Al, Pb, Cu, Sn and brass.

B. N oble meta! crucibles. In crystal growth of oxide compounds and of
some Auorides from high-temperature solutions the most common crucible
materials are noble metals, and from this group of metals platinum has
found by far the widest application. Since platinum has a relatively high
price, thc initial cost as weil as refabrication costs form a significant (if not
the largest) portion of the costs of Aux growth of oxides. The prices of
platinum (and of iridium) Auctuate enormously, as may be seen from
Fig. 7.35 . In this connection it should be noted that several companies and
syndicates ask prices which are 50% and more higher than the fre e market
(U.S.) price. The free market price tends to be a sensitive indicator of
demand and supply trends. The bulk of platinum is costed at the tlxed
producer price, and both prices vary widely . .'\ price of 120 dollars per
$ PER
OUNCE TROY
PLATINUM

AVERAGE ANNUAL PRICES OF PLATINUM AND IRIDIUM
(iN DOLLARS PER OUNCE TROY)

S PER
OUNCE TROY
IRIDIUM
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ounce platinurn may be uscd as a guideline for the free rnarket price, and
SO dollilrS pcr ouncc for thc produccr pricc. In 1971 / 1972 therc was a
shortfall in the free market price of about 40 dollars per ounce until the
U.S. government decided not to postpone the Clean Air Act of 1970. The
steep increase in the platinurn price caused by the potential demand for
platinurn in automobile exhausts was accelerated by the rnonetary crisis of
1972/ 1973 . The platinum price may drop significantly if the crisis is settled,
if an alternative to platinum in exhausts is adopted or if Russia offers
abnormally !arge quantities of platinum to the Westernmarketas happened
at the end of the fifties.
Platin um crucibles for flux growth may be obtained from various sources,
either in standard shapes or to special order. Frequently it may be faster
and more convenient to order round platinum sheets and have them shaped
by a local noble meta! spinning shop. A variety of crucible forms used in
several laboratories are shown in Fig. 7.36; (a) shows a standard crucible
with Iid which is commercially available in several sizes; (b) a modification
of the crucible rirn and Iid of K vapil ( 1966) and John and K vapil ( 1968),
which allows sealing by a liquid; (c) a special crucible form used by Scheel
(1972) and Scheel anrl Schulz-DuBois (1971) which is rnechanically stable
and to which a flat round Iid can be welded. After the experiment, crucible
and Iid are separaterl by cutting the welded rirn, and can be re-used about
five tim es; (d) shows a rnodification of the Iid with a hole of 0.4 mrn
diameter (Elwell and Morris, unpublished) which is loosely covered by a
platinum sheet and which can be sealed after heating up and expansion of
the enclosed air by pressing on this sheet from abo\"e; (e) the crucible
arrangement of Tolksdorf ( 1968) made from a !arge diameter platinum tube
and with a Iid sealed to it having a platinum capillary to release pressure;
and (f) shows a diagram of the !arge crucibles used at Bell Laboratories and
at .'\irtron for pilot plant flux growth . Slightly conical crucibles are
advantageaus for remo\·ing solidified flux and for reshaping which should
be clone on plastic formers with a plastic or leather hammer. Preferred wall
thicknesses are from 0.5 to 1 mm for a crucible volume of 30 to 1000 cm 3 ,
0.3 mm being the practical minimum. A greater wall thickness increases
not only the lifetime of the crucible, but also allows the destruction by
beating with a slightly convex hammer of grains formed by recrystallization.
The crucible size is discussed here because it has a dramatic and often
restricting effect when expensi\·e noble metals have to be used as crucible
materials. According to Block ( 1930), Goethe had already recognized that
increasing the crucible size tends to increase the crystal size, and during the
past century crucible sizes up to 50 I were used as discussed in Chapter 2.
In recent years platinum crucibles of 4 I and even 8 I were used by various
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7.36 . Examples of crucible shapes used in flux growth (not to scale).

companies for the growth of garnets and ruby. Ho,,-e,·er, Iarge crucibles
are not always adYantageous for a number of reasons .
In Section 6.6.1 the experimental requirements for stable growth are
discussed, and for !arge crucibles extremely low cooling rates for the first
weeks or months are requirecl if one or a wry few inclusion-free crystals
are to be grown. If multinucleation is tolerated or if seed crystals of
suffi.cient area are available "normal" cooling rates (between 0.1 o h - 1 and
1oc h - I) and duration of experiments can be applied. The effect of the
crucible size is demonstrated in Fig. 6.16, which also shows the importance
of high solution ftow rates at the crystal surfaces in order to achieYe stable
growth. The !arger the crucible the more stirring is necessary in order to
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prevent convection pockets and thus uncontrolled nucleation, as discusscd
in more detail in Section 7.2.7. As a general rule stirring is worthwhile for
crucibles !arger than 100 cm 3 and is necessary for crucibles !arger than
about 500 cm3 • Another requirement with !arge crucibles is that temperature control and programming have to be very precise, and it is estimated
that temperature oscillations !arger than 0.1 oc with periods !arger than
about one second might have harmful effects on the quality of the grown
crystals.
Another obvious disadvantage of !arge cruciblcs is their price and
the requirements on the size of the furnace and controller, and thc total
cost of systems based on crucibles more than 1 litre in stze is oftcn
prohibitive.
An advantage of !arge crucibles is the low ratio of wetted cruciblc
surface to the volume of solution which determines crucible corrosion
and incorporation of crucible material into the growing crystals. Thc
incorporation of, for example, platinum can be significant depending on
experimental parameters as was demonstrated by Bradt and Anseil ( 1967).
These authors found 0.1 wt % Pt in BaTi0 3 crystals grown from K F whrn
a soaking time of four hours was applied, whereas without soaking only
0.065 wt % Pt was found.
Another advantage is obviously the quantity of crystals which can bc
grown simultaneously, and !arge crucibles are required when large-scalc
production of crystals is applied. Grodkiewicz et al. (1967) obtained a yield
of 2.8 kg YI G from 8 I crucibles although about 2/3 of the volume of 1hc
YIG crystals contained inclusions. This fraction of included crystals
might be reduced if stirring, seed crystals and precise temperature control
are applied, as discussed above.
On comparing the advantages and disadvantages of !arge cruciblcs 1hc
conclusion is reached that an optimum crucible size exists as a compromisc.
As a rule, crucible sizes of 25- 100 cm 3 are suggested for crystals of a fc\\.
mm size, but for crystals !arger than 1 cm 3 the crucible size should
increase by about 100 cm 3 per cm 3 crystal.
Occasionally an influence of crucible size on the crystallizing phase has
been reported and explained by Flicstein and Schieber (1973). lf a
composition lies near the boundary of stability fields of different phases,
then the difference in the eYaporation rate in crucibles of different sizcs
might shift the PbO- PbF 2 ratio (in this case) and thus Iead to different
phascs.
In order to produce the smallest possible surface and thus to minimize
corrosion ancl nucleation sites the crucibles should be mechanicall y and
chemically polished. The latter is performed for example with a potassium
pyrosulphate melt at 700 to 800°C (however, Rh-containing crucibles are
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attacked by pyrosulphate) for onc to four hours, and any reshaping and
hammering should be followed by chemical polishing.
A short prehcating of Pt cruciblcs to about 1200vC bcforc usc prcvcnts
excessive welding of new platinum pieces when in contact. Special care
in the use and handling of platinum crucibles is necessary in order to
preYent crucible failures during the growth experim ents (and too frequ ent
reshaping). Platinum crucibles should only be used for ionic melts
(Auorides, oxides, silicates) but never for elements and for compounds with
strong covalent or metallic bonding. Thus metals, phosphorus, arsenic,
antimony, bismuth, silicon, boron and sulphur should never be heated in
Pt crucibles. Especially carbon, carbides or organic compounds should not
contact hot Pt containers and reducing atmospheres should be prevented
under all circumstances. For example, traces of organic compounds or of
h ydrogen may reduce the heavy-metal compounds like Bi 2 0 3 , PbO and
Pb F 2 and may Iead to destruction of the crucible. In ord er to maintain
oxidizing conditions an oxidizing agent like Pb0 2 (Garton and Wanklyn,
1967) is frequ ently added, or a buffer like V2 0 5 which is more easil y
reduced to V2 0 3 th ;m PbO to Ph. Also a reducing atmosphere can be
pre ventecl by slowly blowing air into the furnace chamber. As supports
stable oxicle ceramies shoulcl be usecl since silica ancl silicates are easily
reduced above 1000° to 1200°C, and th e resulting SiO (or Si formecl by
clisproportionation of SiO) forms with Pt low-melting eutectics. Thus, only
alumina or other stable oxicles shoulcl be usecl in conjunction with platinum.
Cleaning of platinum crucibles to remove adhering flux or oxides is clone
by careful tapping with a plastic hammer, and /or by clissolution with the
appropriate hot acid or alkali solution, or by clissolution with a flux. N itric
acicl or hydrochloric acicl may be usecl separately, but a mixture of these
two acids (aqua regia) will form free chlorirre and dissolve platinum
(iridium-rich platinum alloys are rather resistant to aqua regia) . Aclhering
oxide crystals, if not easily removed mechanicall y may be clissolvecl in melts
of potassium pyrosulphate at 700- 800°C (S0 3 vapour is formed), in
N a 2 C0 3- K 2 C0 3 melts araund 900°, in borax at about 1200°, or in KF or
Pb F 2 melts at 1200°C. Silicates are easily removed with concentratecl
hyclrofluoric acid . After leaching these melts and after any hammering or
reshaping the platinum crucibles should be treated with hot nitric acid for
one hour, ancl after rinsing with sufficient distilled water the crucible
shoulcl be clried by heat (not with a towel) and kept dust-free until use.
Generally pure platinum is usecl for growth of oxicle compounds from
thcir solutions in malten salts. Alloys of platinum frequently have aclvantages or are even required for special applications. Thus for growth of
SrTi0 3 ancl BaTi0 3 from melts cantairring excess Ti0 2 , Pt- Ir or Pt-Rh
alloys are used because of their higher melting points, ancl for still high er
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temperatures iridium might bc used . According to Nielsen ( 1974) iridium
crucibles might bc used for PhO-frcc Ph F 2 solutions in inert or slightly
reducing atmosphere since Iris not attacked by Pb up to 1600°C.
The disadvantages of Rh and Ir (and Pt-Ir alloys) isthat they are more
easily corroded than pure platinum by the normal Pb- or Bi- containing
solvents and at low temperatures. For example Cloete et al. (1969) found in
MgAI 20 4 crystals no platinum, but traces of iridium which was probably
present as an impurity in the platinum crucible used, and rhodium is frequently found in crystals grown from Pt crucibles. Small rhodium addition
(0.5- 1 %) to the platinum increases its mechanical strength and decreases
the tendency to recrystallization . Pt- Au and Pt-Au- Rh alloys are ve ry little
wetted by borate and silicate melts, but on the other hand Au and Rh are
easily extracted from platinum containers. Iridium evaporation (as lr0 2 )
might be minimized by rhodium plating.
In summary, for all applications special crucible materials, shapes and
sizes may be found which, with the appropriate experimental conditions,
might contribute significantly to the size and quality of the Aux-grown
crystals. Aspects of handling nohl e m eta! crucibles are given in booklets
and catalogues of the producer companies and in the reYiews and papers of
Brice and Whiffin ( 1973), Cockayne ( 1968), Darling et al. ( 1970), Robertson
(1969), Robertson et al. (1974a) and V an Uitert (1970). The development of
eheaper crucibles would probabl y extend the application of the Aux method.
7.2.4. Separation of crystals from solution
In general crystallization from high-temperature solution is terminated
with the solution at a temperature above the eutectic point, and the crystals
produced may be separated from the excess solution either at this "final"
temperature or following relatively rapid cooling to room temperature. The
former alternative is generally preferable when this is com·enient, as in
top-seeded growth where the crystal may normall y be raised out of the
solution b y a motorized drive mechanism .
\Vhen the crystals are grown by spontaneaus nucleation, cooling of the
crucibles to room temperature prior to removal of th e crystals is fairly
widely practised because of its relatiYe simplicity. The excess solution is
then normally dissolved in some aqueous reagent, a process sometimes
referred to as "leaching". The leaching process relies on the differential
solubility in this reagent of the crystal and the high-temperature solvent
and it is clearly important for easy removal of the crystals that a suitable
reagent should be available. Aqueous solvents for the more popular hightemperature solvents are listed in Table 3.13.
The great disadvantage of removing the excess solution at or around
room temperature isthat the rate of dissolution may be extremely low . A
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mnnth or en·n Ionger may Iw required tn rcmm-r, fnr e:-;ampk, bismllth
borates from a cruciblc of only 100 ml capacity and mcans of avoiding such
delays are clearly desirable. Warming the container uscd for leaching will
promote dissolution and the resulting saving in time can be dramatic
especially i f leaching is performed at a temperature close to the boi ling
point of the aqueous reagent. As an example, Elwell and Morris (unpublished) have found that excess PbO jPbF 2 / B2 0 3 may be dissolved
within 1- 2 days when the crucible is maintained in fairly dilute nitric acid
close to its boiling point. Boiling chips must be added to the acid and the
temperature of the acid bath maintained constant by a hot plate or oilbath.
The most rapid leaching rates require that the acid be replenished at
frequent intervals which depend on the volume of the container used.
Cooling of the crucible and crystals to room temperature suffers from
the additional disadvantage that strain may be introduced in the crystals
because of the contraction of the solution as it solidifies. This is especially
the case when relatively soft crystals like sulphides are grown from malten
salts. However, even if crystals are removed while the solution is molten,
thermal strains will be present and the crystals should be annealecl if
freedom from strain is important.
Removal of the excess solution above some critical temperature may be
essential if the system is suchthat re-dissolution of the crystals would occur
on further cooling. Even in systems where no such dissolution would occur,
the saving in time which is achievecl with hot pouring has Iee! to its
increasing use. The simplest means of pouring off the excess solution is to
remove the crucible from the furnace with tongs and to decant the liquid
after removing the crucible Iid. This method is possible only when the Iid
fits loosely onto the crucible, since it is desirable that the crucible should
be returned to the furnace as rapidly as possible in order to minimize
thermal shock to the crystals; especially when crystals !arger than about
1 cm 3 are grown cracking may occur on any sudden temperature changes.
An alternative procedure has been suggested by Grodkiewicz et al. (1967)
who puncture the base of the crucible from below with a steel spike,
without removing the crystal from the furnace. The drainage hole may be
re-welded so that the crucible can be used several times before refabrication
IS necessary.
The seeding technique of Bennett ( 1968) and Talksdorf ( 1968), describecl
in Section 7.1.1, provieles a particularly convenient means of removing the
crystal from the residual solution by inversion of the crucible. Crucible
inversion is applicable to sealed crucibles and may be used for unseeded
growth if some mechanism is provided within the furnace. This mechanism
may be extremely simple, for example, a wire attached to the base of the
crucible which is pulled vertically upwards, provided that the crucible is
~
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mounted on a suitable pivot (J. M. Robertson, private communication). A
device which may be used for simultaneous hot pouring by inversion of a
number of crucibles is shown in Fig. 7.37(a) and (b). The crucibles are
mounted in a cemented firebrick block which has the primary advantage
of providing a high thermal Capacity during growth. At the termination of
growth, a clamp mounted on a relatively massive trolley is brought into
contact with the block, which may then be removed from the furnace,
inverted and returned to the furnace very rapidly with little thermal shock
to the crucibles. The crucible Iids are crimped tightly to minimize evaporation during growth, but provide imperfect seals so that the excess solution
drains away into the surrounding powder and firebrick, which is replaced
after every experiment.
ALUMINA
FIREBRICK

ALUMINA
POWOER

FLUXED
MELT

(a)

(b)

FIG. 7.37. Device for simultaneaus hot pouring of several crucibles. (a) Mechanical setup. (b) Cerarnic block with crucibles (Srnith and Wanklyn, 1974).

Completely sealed crucibles permit a greater degree of reproducibility in
the crystal growth conditions but inversion and subsequent solidification of
the residual solution presents problems in the removal of the Iid and of
access to the crystals. Scheel (unpublished), using the sealed crucible
design shown in Fig. 7.36(c), has found it more convenient to pour off the
solution from the crucible by puncturing holes in the Iid with a small steel
spike after rapid removal of the crucibles from the furnace. The crucible is
quickly replaced into a furnace which is then slowly cooled to room
temperature. The small thermal shock introduced by this procedure is
more than offset by the ease of access to the crystals after cooling to room
temperature.
An isothermal technique to remove excess solution has been used by
Kawabe and Sawada (1957) who, after growth of BaTi0 3 from Na 2 C0 3
solution at 900°C, sucked up the stillliquid flux through a nicke! pipe by a
rotary pump, and then cooled the furnace with the crucible to room
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temperature. In a similar manner for sealed crucibles, pressurc from outside
could be used to pump the excess solutionout of the crucible.
7.2.5. Chemieals

The importance of attention to chemieals cannot be overemphasized and
many problems of Iack of reproducibility in crystallization from high
tcmperature solution may be related to differences in the starting materials.
Most experimenters prefer to buy pure chemieals from specialist suppliers
rather than undertake thcir own purifications but it is weil known that
different batches of chemieals may vary in their impurity content andin thc
assay of thc substance in qucstion.
In general thc chemieals which are supplied can be classificd into four
broad categories- laboratory or rcagent grade with a purity normally
quoted in the region of 99°,6, "analytic grade"-about 99.9 ~~ , "spectroscopic grade" - up to 99.999 % , and ultra-high purity grades of certain
chemicals, supposedly with even higher purities, may be available according
to the nature of the material required. The increasing availability of high
puritv chemieals has been of great value in crystal growth and has been a
contributory factor in the preparation of relati,·ely perfect crystals. The
experimenter should, however, be aware of the clangers of unquestioning
reliance on the manufacturer's analysis. Even where the material is
accompanied by the typical result of spectrographic analysis quoting
impurity Ievels in the ppm range, it should be realized that the manufacturer does not guarantee the assay of the material. So, for example, the
material may contain volatile impurities such as organic matter, carbon
clioxide or water vapour. Moreover, the stoichiometry may differ very
considerably from the nominal compostition.
,\s cxamples of the types of problern encountered by the authors, a
sample of high purity Al 20 3 from a well-known manufacturer with a stated
molecular weight of 101.9 was found by X-ray diffraction to consist mainly
of hydrates. Similarly a batch of nicke! oxide "NiO" from a different
supplier contained about 30% by weight of metallic nicke!.
Departures from ideal compositions can increase with storage, particularly once a container has been openecl, and particular care is necessary
with hygroscopic materials such as B2 0 3 , La 2 Ü 3 , many halides and even the
y-modification of alumina, especially in powder form. Materials in powder
form are particularly liable to attack from the atmosphere on account of
their !arge specific surface area. In several cases it might be necessary to
handle such hygroscopic substances or other reactive materials (e.g.
metals) in dry-boxes or at least under a dry stream of nitrogen. It is
clesirable to record in a Iabaratory notebook the batch number of any new
dehery of chemicals, and the dates on which it was receiYed and opened.
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Checks of new batches of chemieals by X-ray powder diffraction, and
possibly also by chemical analysis, are desirable, and the use of a thermobalance is valuable for detection of departures from stoichiometry of
oxides or of the presence of free or bound water. Chemieals should also be
checked for the presence of foreign bodies such as hair or other fibres, or
pieces of furnace constructional material which may have entered the
sample during manufacture. It is obvious that all containers and tools
which come in contact with the chemieals or the growth solution must be
absolutely dry and clean. The presence of any contaminant will, of course,
Iead to errors in weighing out the constituents of a growth experiment,
and to impurity contamination which in most cases has a bad and sometimes
a castastrophic effect as for instance traces of silicon in fl.ux growth of Beü
(Austerman, 1965). The positive infl.uence of some impurities on growth
has been discussed in Chapter 3, and the effect of impurities on the habit
in Chapter 5.
For specialized preparations or when the highest purity is required the
availability of facilities for purification is essential. The techniques of
synthesis of high-purity substances and of chemical purification have been
reviewed by Kröger (1964), by Wilke (1973) and by Jonassen and Weissberger ( 1963- 1968). The synthesis of inorganic compounds in general is
the topic of books of Angelici (1969), Brauer (1960/ 1962), Hecht (1951),
Jolly ( 1970) and Lux ( 1970) and of the series Inorganic Syntheses (Vols 1,
1939- 13, 1972). Purification can be clone by sublimation or distdlation,
by heating, possibly in a vacuum, to evaparate volatile impurities and burn
off organic contaminants, and by recrystallization. For metals, electrolysis
may also be used to separate the meta! from its salts and from other meta!
impurities. These methods all rely on the preferential distribution of
impurities between different phases, so that the principles follow the discussion of distribution coefficients outlined in Section 7.1.4. The most
important technique for the preparation of high purity metarials for crystal
growth is zone refining, which employs repeated crystallization from thc
melt with the impurities concentrated into a thin molten zone which traverses the material. Zone refining or zone melting is the subject of books by
Pfann ( 1966) and Schildknecht ( 1966 ), both of whom quote examples of the
application of this technique to oxides, salts and metals in addition to the
semiconductors and organic materials for which the technique was
developcd.
Additional purification mcthods may bc used to purify certain materials,
in particular by the addition of rcagents which react with impurities to
form volatilc species. As an example, Wanklyn (1969) removed traces of
oxides and hydroxide ions from fl.uorides by heating with ammonium bifl.uoride NH 4 • HF 2 to form volatile ammonium compounds, as by the reaction
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The puritication of salts is considen.:d by Corbctt and Duke (I %3) who
consider particularly problems of the remO\·al of hydrolysis products. The
desirability of purification prior to fusion is mentioned to facilitate the
remo,·al of impurities which become more strongly bound in the liquid
phase.
SeYeral articles on the purification of semiconductors and of the materials
used as dopants are contained in the book of Brooks and Kenned y ( 1962).
The scope of this collection includes the purification of chromium and rare
earth metals in addition to semiconducting elements and compounds.
In Yiew of the extensive Iiterature on semiconductor materials, we
consider in more detail here some examples of preparation and purification
studies of other mater ials of particular interest.

Boric oxide. The presence of water in B2 0 3 is a well-known problern both
in the use of borate Auxes and in the application of this material as an
cncapsulant in Czochralski growth (Mullin et al., 1965). Chang and
Wilcox (1lJ71) found that reagent grade boric oxide contains about 3 wt %
of water. Most of this water is removed on heating in a vacuurn oven at
26U- 2700C, but the small traces which remain can be harmful to crystal
growth. The removal of moisture frorn rnolten B20a is slow because of its
high ,·iscosity but Chang and Wilcox found that dry ing is accelerated if
dry nitrogen is bubbled through the melt. On cooling to room temperature
the moisture absorbed by vitreous B2 0 3 was found to be restricted to the
surface and could be substantially removed by a yacuum without further
heating.
Lead oxide and ftuoride . Lead oxide and Auoride are probably the most
widely used Auxes and their purification is therefore of particular interest.
Schieber ( 1967) reported that the highest purity PbO could be prepared by
precipitating Iead carbonate frorn a solution of Iead nitrate by adding
ammonium carbonate:
PbN0 3 + (NH~hC0 3 - - PbC0 3 l + 2:\H~ N 0 3 .
Lead oxide is produced from the carbonate by heating to 400 °C in a clean
atmosphere. The preparation of pure Iead Auoride is also considered by the
same author who proposes that the purest material may be prepared by
precipitation on mixing Iead acetate and ammonium Auoride solutions:
(CH 3 C00hPb + 2NH~F - -PbF 2 l + 2CH 3 COO:'\H~.
K westroo and H uizing ( 1965) also used Iead acetate in solution in order
to prepare high purity Iead oxide by precipitation with ammonia. But it
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should be said here that PbO and PbF 2 of high purity are now commerciall y
available so that in gencral purification· of thesc important solvents is not
necessary. If for special applications ultrapure PbO or PbF 2 should be
required it is suggested to obtain them by zone melting in pure platinum
boats or tubes.
A few examples of synthesis and purification of specific solvents and
chemieals used in crystal growth from HTS have been reported: BaCI 2 ,
SrCI 2 (Fong and Yocom, 1964); LiF (Eckstein et al., 1960; Kiyama and
Minomura, 1953; Weaver et al., 1963; Thoma et al., 1967); NaCI (Raksani
and Voszka, 1969; Leb! and Trnka, 1965); KCI (Capelletti et al., 1968, 1969;
Kanzaki and Kido, 1960/ 1962; Leb! and Trnka, 1965; Butleretal., 1966);
Na 2WÜ 4 (Cockayne and Gates, 1967); V 20 5 (J ankelevic et al., 1967).
Rare-earth metals present particular problems because of their extremely
high reactivity. High purity oxides are commercially available and can be
used as the starting material for the elements and hence for other compounds. Alternatively the relatively impure metals available from commercial suppliers may be used as starting material, as in the method of
Busch et al. ( 1971 ). These authors noted by mass spectrometry that metals
claimed to be 99.9% pure actually contain a few wt % of non-metallic
impuriti es, mostly dissolved gases. In their method the dissoh,ed gases are
partly desorbed and partly precipitated as non-volatile components by
heating the meta) to its melting point, followed by distillation. The
distillation is carried out in a molybdenum vessel in a sealed UHV system
at 3 x 10- 7 Torr. Apart from H,C,O, Ca and Ba, impurity Ievels (including
Mo) were less than 1 ppm. Also Habermann et al. ( 1965) purified the rareearth metals, namely by reduction of the fluorides followed by distillation.
In general, Cantamination from the crucible is expected to be high and the
"cold crucible" of Hukin ( 1971) was developed to proYide a clean containcr
for rare-earth metals. Alternative methods for purification of rare-earth
metals are described in the article by Lo\'e and Kleber in thc collection of
Brooks and Kennedy ( 1962).
Thc importance of using pure chemieals so that contamination of the
crystals is minimized is shown up in a striking fashion be se\'eral physical
measurements. Sproull (1962) has shown that the thermal conductiYity at
low temperatures is particularly sensitive to impurities and differences of
two orders of magnitude are observed when pure sodium chloride is
compared with commercial grade crystals.
Suppliers of chemieals of high purity or of a special pure grade for
crystal growth are: Associated Lead Manufacturers Export Company Ltd.,
London (PbO, Pb.F 2); The British Drug Hauses Ltd., Laborator:-·
Chemieals Division, Poole, England ("Optran"); Eagle-Picher Company,
Chemical Division, Cincinnati, Ohio, USA; Koch-Light Laboratories
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LtJ., Colnbrook, Bucks, England; Materials Research Corporation,
Orangcburg, N.Y.; E. Merck AG, Darmstadt, W-Germany ("Suprapur",
··optipur"); '1\ew Metals and Chemieals Ltd., Poole, England; Johnson
\1atthey Chemieals Ltd., London E.C.l. ("Specpure", "Puratronic",
·· Spectroflux"); Research Chemical Corporation, Phoenix, Arizona;
MolybJenum Corporation of America, 6 Corporate Park Drive, White
Plains, N.Y.; MCP Electronics Ltd., Alperton, Wembley, Middlesex,
England; Schweizerische Aluminium AG, '1\euhausen, Switzerland
(Gallium and its compounds); LeYy West Laboratories Ltd., Harlow,
Essex, England ( niobates, tantalates ).
7.2.6. Atmosphere control
Thc importance of atmospherc control has becn discussed at several
points within this book, particularly in Section 7.1.5 in connection with the
preparation of phases haYing ions in unusual valence states. In general the
requircd phase must be grown in an atmosphere in which it is stable,
although in practice some modification of the equilibrium condition may
bc effected according to the solvent in which the crystal grows. The
practical problems of atmosphere control may bc considered as thrcefold:
purification of thc gases if impurities are likely to enter thc crystal or to
affect gro\\·th; pressure control of a single pure gas phase, and partial
pressurc control of an active component in a mixture of gases. The vital
questions of leak prcYcntion and detection are beyond the scope of this
book.
Commercial gases generally are impure, typical impurity concentrations
in high-purity oxygen being 0.1°/c, water, andin argon being 20- 100 ppm
oxygen. The removal of harmful impurities from the atmosphere is of
particular importance in high-temperature solution growth in view of
the long times required for an experiment and of the crucible lifetime, for
example. A Yariety of methods is available for gas purification, based both
on physical and chemical properties. The most commonly used technique
is by chemical reaction by flowing the gas over or through a reagent which
will react with the impurity but not with the principal constituent. As an
example, the concentration of oxygen in nitrogen or argon may be considerably reduced by flow over copper turnings at about 600°C. Other
examples of interest to crystal growers are the catalytic remO\·al of oxygen
from hydrogen or hydrogen-containing mixtures by using Pt or Pd contacts
with removal of the resulting water by freezing or drying agents, and the
removal of 0 2 , N 2 , CO and C0 2 from He or Ar by passing the gas over
titanium powder at 850°C. Very low oxygen concentrations in inert gases
were obtained by Steinmetz et al. (1964) by ftowing the gas through
aluminium amalgam. Thc oxygen reacts very readily with the aluminium
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to form Al 20 3 , which floats on the amalgam, and oxygen partial pressures
of 10- 27 atm may be achieved.
A common practice is the drying of gases, and the efficiency of drying
agents increases from CaCI 2 , CaS0 4 , H 2S0 4 , KOH, Mg(Cl0 4h, BaO to
P 2 0 5 , and especially P 2 0 5 distributed in silicagel is a practical drying
agent. On the other hand controlled humidities can be produced by
bubbling the respective gas through !arge volumes of specified aqueous
solutions as listed in Lange's Handbook of Chemistry (1967).
The principal alternative to chemical methods utilizes differences in the
boiling or freezing points of gases, and, for example, water vapour and
carbon dioxide may be effectively removed from oxygen at not too high
pressures by flow through a reservoir containing liquid air or a similar
refrigerant. Hydrogen, which is commonly used as atmosphere in crystal
growth from metallic solutions, may be purified by diffusion through
solid palladium since its diffusion coefficient is much higher than that of the
heavier gases. Methods of purification of gases have been reviewed by
Müller and Gnauck ( 1965) and by Lux ( 1970).
The total pressure of the gas may be regulated by a dc,·ice which is
based on the operation of a relay by a pressure sensor for the required
range. As an example, a device capable of regulating pressures up to 1
atmosphere was described by Oxley and Stockton ( 1966 ). Generally
pressure regulators for operation both above and below atmospheric
pressure are obtained from commercial sources. The use of high vacua is
generally to be avoided in HTS growth in view of the volatility of most
solvents, and a static or flowing inert atmosphere is normally preferred for
syntheses at low oxygen pressures.
Contralied oxygen partial pressures in the range below about 10- 1 atm
may be most readily achieved using gas mixturessuch as H 2 /C0 2 , CO jC0 2
or H 2 /H 2 0. Data for the variation of oxygen partial pressure with relative
concentration and temperature may be obtained from Fig. 3.4. Similarly
sulphur partial pressures for mixtures of H 2 S with H 2 are available from
Fig. 3.5. A fairly detailed account of the importance of partial pressure in
material syntheses is available in the book by Reed ( 1972). AlternatiYe
systems for the provision of controlled atmospheres are discussed by
Kröger (1964), who treats in great detail crystal imperfections and their
relation to the atmosphere.
An unusual example of the use of special atmospheres in crystal growth
from high-temperature solution is the preparation of MgO and LaAI0 3
crystals doped with 17 0 by Garton et al. ( 1972). The high cost of this
isotope requires experiments on a small scale and crucibles of 10 ml
capacity were used. The isotope-enriched oxygen gas was introduced into
an evacuated, sealed platinum tube at room temperature with the tube
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contaim·d inside a brass cylinder, the pressurc within which was adjusted so
as to a\·oid pressurc ditfercnces which might fracture or distort the
platinum tube. The concentration of 17 0 in the crystals grown was about
J0° ;" a similar Yalue tOthat in the SOllrCe powder.
7.2.7. Stirring techniques
Stirring was introduced into the field of crystallization by Wultf (1884) and
has become routine in crystal growth from aqueous solutions, both for
growth of single crystals and for mass crystallization. Stirring is also
applied in other crystal growth techniques ( e.g. Czochralski growth,
zone melting) whereas in crystal growth from high-temperature solutions
it has not yet found widespread application mainly because of experimental
problems .

.4. Elfecis of stirring. The main etfects of stirring can be divided into two
categories, namely the etfects due to homogenization of the solution and
those due to a high solution ftow rate at the growing crystal faces.
A solution homogeneaus with respect to solute and impurity concentration and to temperature may result from various stirring techniques.
For example, if a stirrer (with seed crystal) is inserted in the solution and
rotated in a stationary container, mixing and homogenization occurs
between the regions of solution moving with the stirrer and the regions
adhering to the container walls. This homogenized solution contains no
thermal or solutal convection cells which frequently Iead to uncontrolled
nucleation. Thus the whole solution is influenced by the presence of any
crystal, the Supersaturation is not likely to exceed the critical value for
nucleation so that spontaneous nucleation can be avoided. Another etfect
of homgenization is that the growing crystal always sees a homogeneous
ditfusion field, and thus inhomogeneities in crystals such as striations are
prevented or at least reduced to a minimum Ievel. Forced convection, that
is a high solution ftow rate along crucible walls and crystals decreases the
Ostwald-Micrs range of metastability, and spontaneous nucleation might
occur, especially in highly concentrated and viscous solutions. t Therefore,
stirring should be not too vigoraus and should be adjusted according to the
concentration and to the viscosity in order to avoid spontaneous nucleation.
The narrowing of the metastability region Ieads to a requirement of
precise temperature control, which in flux growth we estimate should
be to better than ::.: 0.1 °C.

t As an example, in the growth of iodic acid from very concentrated and viscous
aqueous solutions, stirring is disadvantageaus according to S. Haussühl (private
communication). However, Daval (1974) grows !arge HIO, crystals of high
quality from stirred solution.
Sl
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Forced co m ·ection also Ieads to a decreasc in supersa turati on, th e latte r
being inAu enced by th e habi t of th e crystals prese nt, b y nucl eation at th e
surface and b y th e degree of stirring . In ge ne ral , thi s dec rease in Sup ersaturati on corresponds app rox imately to th e na rrowi ng of th e metastabi lity
range, so th at no enh anced spo ntan ea us nu cleation is obse n ·cd , at least at
modest stirring rates.
A high soluti on Aow rate along the growing crystal faces has seYc ral
advantages which have been demonstrated by Scheel and Elwell ( 1972,
1973) and m entioned in Secti on 6.6.2. Stirring decreases th e diffu sion
boundary laye r and reduces th e supersaturati on inhomogeneity ac ross th e
crystal thu s allowing a faster maximum stabl e growth rate than th at with out
stirring. Because of th e faster stab le growth rates made poss ibl e by s.t irrin g,
th e duration of ex perim ents may be decreased (see Fi g. 6. 16). St irrin g is
necessary if crystals larger than about 1 cm 3 are tobe grown cco nomi ca ll y.
Th e importan ce of stirring is und erlin ed by th e X-ray topograph of
Vergnoux et a/. (1 97 1) which sho,vs grow th in stability at th c cvent of
interrupti on of stirring, sce Fig. 7.38 .
The decrease in th e bounclary laye r thi ck ness has an effect on th e g row th
mech ani sm and on th e surfacc stru cture of th e c rystals grown. Surfaces of

F 1c. 7.38. X-ray top og raph o f a Strontiumfo rm ate c rvs tal showin g d eve lop ment
of di sloca ti ons, proba bl y at inclusio ns, at th e event o f interrupti on o f sti rrin g
(Vergnoux et al. , 197 1).
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crystals grown from stirred solutions under not too high Supersaturation
are Yery Aat compared to crystals grown from unstirred solutions. This led
Scheel and Schulz-DuBois ( 1972) to propose stirring in liquid phase
epitaxy, for instance by rotation of the substrate(s) in the solution, and
Blank and i\ ielsen ( 1972) as weil as Giess et al. ( 1972) and G hez and Giess
( 1973) confirmed by experiment the advantage of stirring. Stirring in
LPE has becom~.: increasingly widely applied (Vilms and Garrett, 1972;
Scheel, l<.J73).
Through the d~.:creased boundary layer stirring influences the incorporation of impurities or solvent ions as discussed in Section 7.1.3 ..\ccordingly
the stirring rate should not bc varicd too much during an experiment
if inhomogcneous incorporation of impmitics is tobe aYoided.

H ..\"atural romwtion. In unstirred solutions bulk material transport by
natural comTction occurs in most growth experiments due to temperature
differences (thermal convection) and due to density differences arising from
variations in solute concentration (solutal convection). Since natural
com-ection has been discussed in some more dctail in Section 6.6.2, here
only a fe\\· generat rcmarks will be made.
The aYerage comection Aow rate for typical high-temperature solutions
lies between about 0.()1 and 0.1 cm s- ' (sec Fig. 6.16) and thus is about
two orders of magnitude smaller than typical Aow rates in stirred aqueous
solutions. Problems arise when the convection streams are irregular or
when they form com-ection cells or pockets because in these cases spontaneaus nucleation might occur, competing with growth of the crystals
already present. Time-eiependent convection also Ieads to striations or even
unstable gro\\th. Consequently a steady convection Aow should bc
produced, for instance by heating one crucible wall and cooling the other,
or in generat by achieving temperature profiles and crucible shapes which
fa,·our a steady com·ection Aow. As an alternative, comTction may be
minimized as in the com·ection-free cell of Tiller shown in Fig. 6.19, but
experimental difficulties may arise when this cell is applied in crystal
grO\\"th from high-temperature solutions. lt is obvious frorn the discussion
of stirring in Scction A, that if possible smooth and continuous stirring
should be applied and that the hydrodynamics in crystal growth from
solutions should be dominated by adjustable forced conYection.
C. Seed rrystals an stirrers. Seed crystals on stirrers are used in crystal
growth from aqueous solutions both in small-scale and in large-scale
production of monocrystals, thus the adYantages of homogeneaus solutions
and of high solution Aow rates can be utilized. Howe\·er, experimental
parameters such as the rotation rate, the position of the seed between the
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rotation axis and the container walls, the orientation and the fixing of the
seed crystals must all be carefully adjusted. Since a small quantity of the
solution rotates with the seed crystals and since a sufficient solution flow
rate is needed along all faces in ordP.r to prevent inclusion veils the rotation
should be reversed at least once aminute (Holden, 1949).
On the other hand, Sip and Vanicek ( 1962) pointed out that abrupt
termination and reversal of rotation affect the crystal very unfavourably,
and sudden acceleration of the solution might even cause spontaneaus
nucleation. Therefore Sip and Vanicek proposed that changes in thc
rotation rate of the seed holder should occur smoothly and that an y
reversals should be preceded by a pause. As an alternative to attaching thc
seed crystal to a rotating (or reciprocating) holder it could be fixed to thc
container, and the solution moved by an independent stirrer.
Seed crystals immersed in solution are not often used in crystal growth
from high-temperature solutions. Laudise et al. ( 1962) applied seeds in an
arrangement as shown in Fig. 7.3 in order to grow yttrium iron garnet
crystals from BaO. 0.61 B2 0 3 solutions. A crucible of 7.6 cm diameter was
used, and the seed holder was rotated at 200 r.p.m . with the direction of
rotation reversed every 30 seconds. The dissolution of the feed material
was the rate-determining step, as was discussed in detail by Laudise ( 1963),
at least for rotation rates faster than about 50 r.p.m . One would expect that
for abrupt changes in the rotation rates as above, uncontrolled nucleation
would occur, and this in fact was observed. I t seems that stirring is also
applied in the commercial synthesis of emeralds but details of the process
cannot be found in Iiterature nor obtained from the emerald producers.
There is no doubt that in any large-scale commercial crystal synthesis
stirring will be applied , and the experience obtained in the growth of
crystals from aqueous solutions may be applied in crystal growth from
high-temperature solutions. The use of seed crystals on stirrers is generall y
only proposed when a number of !arge crystals of the same famil y have to
be grown, in view of th e effort required to determine the optimum
conditions.
D. Top-seeded solution growth (TSSG). This topic has alread y been
discussed with respect to nucleation control in Section 7 .1.1, therefore the
discussion of TSSG here will be restricted to its hydrod ynamic aspects.
The principle of TSSG is demonstrated in Fig. 7.39(a) (the whole apparatus is shown in Fig. 7.4 ). A seed crystal is cooled by an air stream
flowing through the seed holder. The solid-liquid interface is below the
liquid Ievel so that this method differs from the Czochralski technique
where in general the interface is above the melt Ievel. Since in TSSG the
crystal dips into the solution, the temperature gradient at the interface is
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FIG. 7.39 . Heat flow (a) and hydrodynamics (b) and (c) of top-seeded solution
growth.

less steep than in Czochralski growth, and this encourages the facetting
which is normally observed on TSSG-grown crystals.
Due to the similarity of the Czochralski and TSSG techniques the
hydrodynamics and the stirring effects are expected to be similar. The
effects of seed rotation on Czochralski-grown silicon crystals have been
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studied by Goss and Adlington (1959), and Robertson (1966) has shown
that a !arge crystal diamcter (more than 10 mm) and high crystal rotation
rates of more than about 50 r.p.m. are required to produce the upward
ftow (towards the crystal) as indicated in the examples of Fig. 7.39(b), (c) .
Cochran (1934) has analysed the ftow to a rotating disc ( of infinite diameter), and Burton, Prim and Slichter (1953) based their deri vation of the
boundary laycr thickness on Cochran's analysis. An advantage of an axial
rotating seed isthat the solute ftow is, to a first approximation, independent
of the crystal radius. Greenspan (1968) extended Ekman's study of the
"hydrodynamics" of hurricanes to any fluid medium and demonstrated
the existence of the so-called Ekman layer ftow. This isaradial ftow within
a narrow horizontal layer which occurs when there is a difference in
rotation rates between the fluid medium and a solid boundary that is
approximately perpendicular to the rotation axis (Schulz-DuBois, 1972);
seealso the discussion in Section 7.2.7E. Carruthers and N assau (1968)
have identified a number of ftow patterns as shown in Fi g . 7.40 by simulation experim ents in which the relativ e rotation rates of crystals ancl
cruciblc wen: varicd o\·cr a widc range.
In addition to th e !arge variety of ftow patterns indicated abovc th erm al
convection ma y Iead to temperature oscillations in the melt with th e result
that it is extremely clifficult to grow striation-free crystals by the Czochralski and TSSG techniques. In discussing turbulent-free comection in
Czochralski crystal growth Wilcox and Fullmer ( 1965) agree with M alkt1s
(1954) that fluid baffiing is relatively ineffective in reducing turbulent free
convection, and propose shielding or an afterheater for this purpose. In
contrast Whiffin ancl Brice ( 1971) propose, in acldition to afterh eaters, the
use of baffies in order to damp thermal oscillations, as in th e convectionfree cell of Till er (1968).
It seems reasonable that a stationary baffie 5 to 15 mm beiO\\. thc rotating
crystal will minimize thermal convection not only because of the smaller
effective volume of the melt and th e reduced ( vertical) Rayleigh numbcr
(Whiffin and Brice, 1971) but also because of its stirri ng effect ..\!so
Cockayne et al. ( 1969) proposed shallow melt depths to reduce temperature
ftuctuations in th e melt and pointed out th e influ ence of con\·ection in th e
gas above the melt.
Although many of the principles discussed above for Czochralski
growth will be valid for TSSG, deviations are expected because of th e
difference of the height of the interface, the different temp erature profil e
and the facetting of man y crystals grown by TSSG.

E. Accelerated crucible rotation technique (ACRT) . One of the problems
of crystal growth from high-temperature solutions using volatile solvents
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like PbO and PbF 2 isthat the crucible should be sealed in order to prevent
solYent e\·aporation. The high temperatures and the restriction on crucible
materials pre\·ent the application of conventional stirring techniques .
.-\.ccording to J. vV. N ielsen ( 1974) alternate rotation and Counterrotation of
crucibles with high-temperature solutions were used by Remeika and Van
L'itert at Bell Laboratories and by Lepore at Airtran for initial stirring to
promote dissolution of the solute; continuation of this agitation during
growth did not allow control of nucleation so that this procedure was
abondoned, as by Nelson and Remeika (1964) who used rotation reversal
only in the initial stage in order to enhance dissolution of the components
but not during crystal growth. However, Scheel demonstrated that a beneficial stirring effect in flux growth could be achieved by periodic acceleration
and deceleration of the crucible rotation and by alternating the sense of
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rotation. This accelerated crucible rotation technique (ACRT) permitted
firstly, in a sealed crucible, the restriction of nucleation by localized
cooling to one to three crystals and secondly the growth of !arge inclusionfree crystals (Scheel and Schulz-DuBois, 1971; Scheel, 1972).
There are two typical ftow mechanisms which occur during the acceleration and deceleration of container, namely the spiral shearing distortion and
the Ekman-layer ftow, although on strong deceleration a transient Couette
ftow might occur.
The spiral shearin~: distortion for an infinite tube ( thus neglecting the effect
of the crucible base) has been analysed by Schulz-DuBois (1972). This
type of ftow is conveniently considered by reference to a uniformly
rotating cylinder containing two immiscihle liquids shown as black and
white in the cross-section of Fig. 7.41(a). lf the rotation of the tube is

(o)

(b)

(c)

(d)

(e)

(f)

Frc. 7.41. Successive spiral shearing distortion of two liquids in a rotating tube
when the rotation is suddenly stopped (after Schulz-DuBois, 1972).
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suddenly stopped, th e rotation rate of the liquid near the wall decreases
rapidl y due to friction, while th e central region of the liquid decelerates
much more slowly because of its inertia. Thus shearing occurs between the
Yarious ring-like liquid regions, and a spiral develops through successive
changes in rotation as demonstrated in Figs 7.41(a)-(f). The decrease of the
relati\·e rotation rate wj w0 versus th e relative radius r jR is shown in Fig.
7.42, w 0 being the initial rotation rate. After a time t = 0.1(Ew 0 } - 1 =
0.1 pR 2 frl , the rotation rate at the centre is reduced to about 0.5w 0 • For
crystal growth by ACRT, especially in tall narrow containers where spiral
flow may be the dominant one, the acceleration and deceleration periods
should be of this order since for greater periods the changes in the velocity
fi.eld become increasingly slower. In the above discussion Eis the Ekman
number = YJ / pw 0 R 2 with YJ the viscosity and p the density of th e solution.
For a typical melt with a kinematic viscosity YJ I p = 10 - 2 cm 2 s - 1 and a
crucible of diameter ZR = 10 cm the time t has a value of 250 s. However,
shorter time intervals are required for the periods of continuous acceleration and deceleration to achieve an optimum and yet smooth stirring effect
and for increasing the Ekman flow .
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If the liquid is allowed to come to rest after the sudden halt in the
rotation, it will have rotated relative to the container by the shear angle
(7.9)
with r being th e distance from the axis. From this equation the number N
of spiral arms is derived as

N = w11 pR 2/ 16Trry = (161TE)- 1

(7 .10)

and the width Llr of the spiral arms is

Llr = 4-rrTJ f pw 0 r = 41TER 2 /r.

(7 .11)

In order to achieve efficient mixing, Llr should be bet\\'l:en 0.1 and 1 mm,
then homogenization by thermal conduction and by diffusion occurs in less
than 10- 1 seconds. The spiral shearing mechanism as weil as the Ekmanlayer flow can bc clearly recognized in simulation expcriments dcscribed by
Scheel ( 1972).
A flow mcchanism which is of comparahle importance to the spiral
shcaring is the so-called Ekman-/ayer fiow. According to Greenspan ( 1968)
Ekman describcd the rapid flow of air in a rclatively thin laycr near the
surfacc of th c earth in rotating wind systems such as hurricanes. The
rapid suction of air occurs in this "Ekman-layer" because there the pressure
difference betwcen th e high outside th e hurricane and th e low in th e centre
is not balanccd by ccntrifugal forces as demonstrated in Figs 7.43(a), (b) .
A similar Ekman-layer flow occurs in a crucible when thc rotation is
dccclerated. Th e oppositc flow occurs as the crucible is accelerated, du e to a
thin laycr at the cruciblc bottom of which the liquid is accelerated first and
thrown outwards due to ccntrifugal forces . The Ekman-layer flow for
acceleration and deceleration is shown in Figs 7.43(c) and (d) and may be
demonstrated with a cup of tea containing tea lea\·es (Scheel, 1972). The
tea leaYes at the bottarn flow radiall y outwards, \\·hen th c tea is stirrcJ,
and back towards the centrc wh en the stirring is interrupted.
According to Greenspan (1968) and to Hide and Titman (1967) the thickness d of the Ekman layer may be approximated by

(7 .12)
which is about 0.5 mm for the numerical example g1Yen aboYe. Th e
maximum radial Yelocity in the Ekman layer is
(7.13)
and easily exceeds 10 cm s- 1 for the example. Ekman components of the
flow velocities in the bulk of the liquid are considerably smaller, about
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0.2 cm s- 1 • Ekman layc r Aow in a container occurs only during acceleration
and deceleration and ceases as soon as uniform rotation is achieved,
approxirnately after th e tim e
(7.14)
which for abO\·e example corresponds to about 20 s (Schulz-DuBois, 1972).
I f th e whole liquid is accelerated from zero to w 0 th en it has passed once
entirely through the Ekman-layer where it experiences accelcration, and
thus the Ekman-layer Aow is a Yaluabk supplement to the circurnferential
rnixing effect of the spiral shearing.
The high Ekman Aow rate given by Eqn 7.13 occurs not only at the
crucible hase but also on crystals growing there and on any crystal (or
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baffle) facc which i!i approximately perpcndicular to thc rotation axis. Thus
it also occurs in the top-sccded solution growth (and Czochralski) technique
below the rotating crystal if it has a sufficient diameter and rotation rate as
discussed in Section 7.2.7D.
Another mechanism of flow near the walls of a rotating cylinder of !arge
diameter is possible when its rotation is decelerated rapidly. This modified,
transient type of Couette flow (Chandrasekhar, 1961) occurs in convection
cells resulting from interior regions of fluid with higher rotation rates
which are driven towards the walls by centrifugal forces during the
transient of strong deceleration. It is unlikely that the typical conditions
used in ACRT are sufficient to establish the transient Couette flow in the
region near the Container walls.
The stirring action of ACRT can be adjusted by the rates of acceleration
and deceleration, and by the differences of the rotation rates (Scheel, 1972).
Typical examples of ACRT cycles are shown in Fig. 7.44(a). The reversal
of the sense of rotation as in A is advantageaus for homogenizing the
interior parts of the liquid which have not come to rest and which otherwise would rotate continuously and thus be affected relatively littl e by the
ACRT mechanism. In order to achieve a smooth change when altering
from acceleration to deceleration or the sense of rotation, short periods of
constant (or zero) rotationrate might be used as indicated in example C.
A slow ACRT stirring action is suggested in the case of relatively concentrated and viscous solutions in order to prevent spontaneaus nucleation ,
but in very viscous systems ACRT would not be of advantage.
In Fig. 7.44(b)~(d) examples of experimental arrangements for flux
growth by ACRT are shown, namely for nucleation control by localized
cooling (b ), for the application of a seed crystal in the slow-cooling
technique (c) and for the gradient-transport technique with a seed (d).
Similarly, Talksdorf and Welz (1972) used ACRT in combination with
the Ben nett~ Tolksdorf nucleation control (Section 7 .1.1 ). The crucible is
positioned on a rotable pedestal which is connected to a motor by a belt.
The rotation cycle of the motor according to Fig. 7.44(a) is obtained, for
example, by electromechanical means ( motor-driYen cam on a motorspeed Controlling potentiometer) or by commercially available electronic
units with ramp generators. t
ACRT was first applied to the growth of gadolinium aluminate, and the
first experiment resulted in a GdA10 3 crystal of 210 g weight shown in
Fig. 7.45(a), (b). Only this one crystal nucleated in a 500 cm 3 crucible and
represented 67 % of the starting material. In successive experiments
more !arge GdAl0 3 crystals and !arge inclusion-free crystals of magnetic
garnets have been grown from relatively small crucibles (Scheel and
t Eurotherm Produkte AG, Glattbrugg, Switzerland.
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FIC. 7.44. (a) Examples of cycles of acce lerated and decelerated crucible
rotation. Experimental setup for ACRT with localized cooling (b), with a seed
crystal (c), with seed crystal and gradient transport (d) (Scheel, 1972).

(a)

(b)
F1 c. 7.45 . Exarn pl e of a !arge crys tal grown by .-\C RT. (a) Gado linium alumimne
of 210 g weight g rown in a 500 cm 3 crucible. (b) Sam e crystal with lig ht reftected
ins ide th e crys tal at a natural face (Schee l, 1972).
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Schulz-DuBois, 1971; Schce11972), and experiments in other laboratories
haYc confirmed the ,-aluc of ACRT-stirring to achie,·e nucleation contro1
and inclusion-frec crystals (Tolksdorf and Welz, 1972; Mateika, 1972).
Rccently nucleation control and growth of !arge crystals with the help of
.-\CRT haYc been achieved by Puttbach at Airtron (Nielsen, 1974) and for
growth of 80 g Y\"0.1 crystals at .-\llied Chemical Corporation (Vichr, 1973).
I t is not easy to predict the effect of ACRT when crystals of needle or
platy shapes are to be grown but preliminary experiments of Aidelberg et al.
(1974) indicate a beneficial effect of .-\CRT in the growth of magnetoplumbite plates.
Striations might occur in systems with !arge changes in the boundary
layer thickness, and ohYiously changes in the boundary layer thickness do
occur in .-\CRT. But the popular periodic rotation reversal of the seed
crystal holder in crystal growth from aqueous and high-temperature
solutions also Ieads to changes in the boundary layer thickness, and to the
authors' knowledge no striations due to these hydrodynamic changes have
heen proven . Only Damen and Robertson ( 1972) have claimed to ha,·e obSt:r\-cd striations due to ACH.T. However, the periodicity of striations
expected from thc experimental conditions used is an onler of rnagnitude
less than the resolution of X-ray topography. Further studies are requirecl
to clarify this question.
Experiences in various laboratories show that ACRT is a powerful
stirring technique applicable to Iabaratory and pilot plant crystal procluction, ancl it is obvious that ACRT coulcl be useful in other crystal growth
methods, such as the hydrothermal, chemical vapour transport and
Briclgman-Stockbarger techniques where stirring is to be achievecl in
closed containers as weil as in Czochralski growth (Scheel, 1972) .
.-\n alternative stirring technique has been proposed by Gunn ( 1971) and
consists of circulating the solution around the inside of a container by
moYing the centre of the container in a horizontal circular path, without
rotating the container at all. This technique is frequently usecl in rinsing
out a beaker with water and is appliecl by chemists cluring titration as an
alternative to magnetic stirring. The circulatory action may be adjusted by
,·arying the angular speecl of the centre of the crucible and of the crucible
itself; crucible rotation in the same clirection as the circular motion of the
crucible centre clecreases the fluid circulation while Counterrotation would
cnhance it. In cantrast to ACRT this action procluces a constant solution
flow (if it is not interruptecl), but it is technically more complicatecl to
apply in crystal growth from HTS.

F. Additional st1~rring techniques. A variety of st1rnng mechanisms have
been conceived but haYe not been widely applied in crystal growth from
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high-temperaturc solutions. Kirgintsev and Avvakumov ( 1965) invcstigated
the stirring cfficiency of thc various stirring techniques shown in Fig.
7.46 by measuring the distribution of calcium nitrate impurity in solidifying potassium nitrate. Rotation of astirrerat high speed and rotation of a
partially filled horizontal tube have been found most effective. Bubbling
gas through the liquid is less effective and vibration of a stirrer at 50 Hz
showed no stirring effect at all . It is interesting to note that Wulff used a
seed crystal and a rotating horizontal cylinder in 1901. Magnetic stirring
is limited to temperatures of about 500°C and is thus not of interest for
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F1c. 7.46. Various stirring techni q ues studied by Kirgintsev and Avvakumov
(1965).

HTS growth . The same is tru e for R.F. stirring at about 10kHz which is
not easily appli ed to high-temperature solutions in platinum crucibles, and
if R. F. is applied for heating also, then problems arise in obtaining the
required precision of temperature regulation.
7.2.8. High pressure technology

The growth of crystals at pressures in the kilobar reg ion requires a
technology completely different from that for synthesis under modest gas
pressures as described in Section 7.1.5. High pressures are generated by
the action of a hydraulic ram operating on a piston, or by a combination of
several such rams or pistons, and it is now possible to maintain pressures of
200 kbar at temperatures of 2000°C or above . The techniques used in high
pressure technology have been reviewed by Bridgman ( 1952), Bundy
(1962), Munro (1963) and Rooymans (1972), the latter with emphasis on
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chcmical syntheses. A bibliography of high pressure tcchniques ts gtven
in the book of Paul and Vv"arschauer ( 1963).
The simplest arrangement for crystallization under high prcssurc is
that "·hcre the sample is located bctween a piston and a fixed closurc
within a cylindrical jacket. The maximum pressure that can be attained in
this arrangement depencls on the bursting pressure of the containing
cylindcr, which will be araund 20 kbar for steel and 60 kbar for tungsten
carbide. For higher pressures it is necessary to pro,·ide support for the
cylindcr or to pre-stress the inner wall so that this inner surface is in
tcnsion only at prcssures in the working range. Compositc cylinders are
frcquently uscd, ancl an outer jacket may bc shrunk onto the outer surface
in order to proYide the compression.
in the opposecl am·il arrangement, the containing cylincler is eliminatecl
and thc specimen is helcl in a small central region between two anvils
which are tapered away from this region at about 10°. This arrangement
distributes thc stress immediately below the anvil surface oYer a much
!arger quantity of material, a device which Rridgman termcd the "princ-iple
of rnassi\-e s11pport". The main disadvantage of this arrangement for
crystal growth is that the spccimen volume is necessarily ,·ery small,
typically 0.2 mm in thickness and 5 mm in diameter.
.-\nother Iimitation associatcd with the thin sample is that thermal
conduction to the anvils is relatively high and the associated loss of strcngth
rccluces the maximum pressurc available at high specimen temperatures.
i\ layer of insulation may be inserted into a recess in the anvil and the
pressure Iimitation is then set by the closeness of approach of the opposing
am·ils, which is primarily governed by the behaviour of the ring of pyrophyllite which behaves as a fluid under pressure and so forms a gasket
enclosing thc specimen. A Ionger compression strake, and hence a !arger
spccimen volume, is possible when curved anvils are used and optimization
of the anvil profiles at the General Electric laboratories led to the "belt"
design which is now widely used, for example, in crystallization of diamoncl
and of which the high-pressure region is shown in Fig. 7.47.
This arrangement doubles the axial length of the specimen chamber
but the "belt" which goYerns the movement of the gasket material as
the pressure is applied must withstand the bursting pressure of the sample
and therefore requires a strong binding ring. The sample is contained in a
cylinder ,,·ith a seal at each end, and the gaskets are normally of pyrophyllite
,,·ith meta! Iaminations and extrude as the pressure is applied.
RelatiYely !arge specimen \·olumes are also possible with multiplepiston arrangements of which the most popular is the tetrahedral-anvil
apparatus (Hall, 1958). Four anvils, each having a triangular end surface,
are located at the ends of four rams and enclose a tetrahedron of pyrophyllite
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FIG. 7.47. High-pressure region m the belt apparatus used for diamond
synthesis (Wentorf, 1966 ).

some 10%) )arger in edge dimensions than the amil faces. The pyrophyllite acts as a pressure-transmitting medium and is bored out to
contain the sample and heating element. Normally pressure is applied only
to one ram (with the other three mounted in a support ring) which must
move in such a way that non-uniform stresses are avoided. Apparatus with
six rams acting on a pyrophyllite cube has also been used.
Arrangments for the production of high temperatures combined with high
pressures have been reviewed by Strong (1962). External heating of the
whole apparatus is possible at pressures below 10 kbar and temperatures
less than 600°C. For higher temperatures, the decrease with temperature
in the strength of the chamber materials requires that the specimen
region only be heated while the anvils and surrounding chamber are kept
cool. The main problern is then that of insulation of the specimen together
with the pre\·ention of reaction between the pressure transmitting medium
and the specimen container, thermocouple and heater coil. Heating is
normally effected by passing a current through the specimen or, more
usually, through a tube or coil surrounding it. The low resistance of the
heating element requires high currents, typically 500- 1500 A at 1-3 V. The
volume and friction changes caused by increase in temperature tend to
reduce the pressure, and compensation for such reductions is difficult
because of the absence of a suitable sensing element which may be located
close to the specimen.
The measurement of high pressures presents quite severe experimental
problems especially at higher values where free-piston and strain gauges
are inappropriate. The change in resistivity of manganin wire has been
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extcnsi\-ely uscd for prcssurc rneasuremcnts hut thesc arc inaccuratc when
pyrophyllite or a sirnilar material is uscd to transmit prcssurc, sincc thcsc
mcdia arc not pcrfcctly hydrostatic. Calihration of thc apparatus using
tabulated transforrnations, such asthat of Bi I I I- V at 77 kbar, is then necessary. Thc measurement of high pressure has bcen discussed, for exarnple,
by Munro (1963).
Temperature measurement at high pressure is complicated hy the effect
of pressurc on the e. m.f. of the therrnocouple. Corrections for Pt/Pt - 10 ° ~ Rh,
Pt/Pt-13"{1 Rh, chrornel-alumel and iron-constantan thermocouples have
been tabulated by Hanneman and Strong ( 1965). The correction for a
Pt/Pt-10 ° ;> Rh couple at 1300°C and 50 kbar exceeds 50°C. Independent
measurements, with some deYiations, ha\-e been reported by Peters and
Ryan ( 1966) and sources of error in thermocouple measurements are
discussed by Hanneman and Strong (1966). In general the measured
e.m.f. will vary according to the pressure Yariation along the therrnocouple
wire, so that the apparent temperature will change with the cl esign of the
cell unlcss careful precautions are taken.
One prohlem in crystal growth at high pressures still to be soh-ed in
order to obtain !arge crystals of high quality is stirring. According to the
discussion in Chapter 6 and Section 7.2.7 on the effect of stirring on the
maximum stable growth rate the duration of cxperiments (for diamonds
of 1 carat, about a week) could be shortened or the crystal size increased if
forced conYection could be applied. Stirring is particularl y required in
high pressure systems ,,·here natural transport phenomena are retarded by
the densification.
7.2.9. Typical procedures for growth of oxides and chalcogenides

In this section detailed instructions are giwn for the preparation of sornc
representative materials from high-temperature solutions. These "recipes"
arc intended for beginners in the field as illustrations of the practical
procedures which are used. The complexity ancl the estimated price for
apparatus and chemieals increase from the first to the last example; for
instance the cost of apparatus ancl crucibles is about 200 dollars for the first
cxperiment and up to 100 tirnes more for the last experiment while the
price of chemieals will Yary from 5 dollars to se,·eral hundred dollars,
depending upon the purity used.

A. Sodium chromium sulphide, l\aCrS 2 • 4.5 g coarse chromium powder is
placed on the bottom of an unglazed ccramic crucible of about 6 crn
diameter, and cowred with 10 g sulphur and 60 g :\a 2 S x 9H 2 0 . Thc
crucible is closed by a 2 mm thick disc of cerarnic vvool, which just fits into
the crucible, and Co\·ered with a ceramic Iid. lt is placed in the simple
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FH; . 7.4X. :\rrangement of crucible in muffle furnace for crystallizatinn of
meta I sulphides from alkali polysulphide melts (Scheel, 1974 ).

muffle furnace sho\\'n in Fig. 7 .48. The space below, on the sides and abon~
the crucible is filled with coarse alumina powder in order to reduce the
oxidation of melt by air. During heating to 1000 -'- 30°C (in about three
hours) excess sulphur evaparates and removes residual oxygen and water
by reaction to S0 2 and H 2 S, respectively, and this requires that the
furnace is placed in a hood with good ventilation. The temperature is set
by a \·ariable transformer, and is reduced by about 25 °C per hour by means
of a motor-driven variac. At 300°C the power is shut otf, and after cooling
to room temperature the sodium polysulphide solvent is dissohed in
water lea\·ing hexagonal plates of :\aCrS~ up to 1 mm thickness and 2 cm
cliameter. The aqueous solution of polysulphidc is poisonous and should bc
neutralizecl by an aqueous ZnCI~ solution or should be reacted \\'ith
K.Mn0 .1 solution.
This simple sodium polysulphicle process can be used for se\-eral other
binary and more complex meta! sulphides (Scheel, 1974), such as :\ainS~,
K.CrS~, KFeS!, CdS, ZnS, PbS, FeS 2 , CoS~, I'\iS 2 , MoS~, Cu 3 VSÜ CuS,
a:-MnS, HgS etc., with modified temperature programmes. In order to
control nucleation and to achieve stable growth it is necessary to pre\'ent
evaporation of sulphur and to apply slower cooling rates. In the simple
arrangement shown in Fig. 7.48 a ceramic baffie has been found to reducc
the rate of reaction and transport and so to yield !arger crystals.
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B. Barium titanate, BaTi0 3 .

37 g BaTi0 3 and 90 g anhydrous KF an:
weighed into a 100 cm 3 platinum crucible which is covered by a platinum
Iid and placed into a horizontally loaded resistancc furnace at 1100°C. This
temperature is held for 8 hours after which the temperaturc is lowercd by
15 c h - I to 900°C. The crucible is then removed from the furnacc and the
liquid portion poured off (in a weil Yentilated room). The crucible is then
returned rapidly to the furnace and cooled to room temperature; the crystals
are freed from the remaining solidified KF by immersing the crucible in hot
distilled water. Typical "butterfly" twins, as describecl in Section 5.5.2, of
up to 1 cm size are obtained ( Remeika, 1954; Remeika et al., 1966 ).
Undissolwcl ßaTi0 3 is required for genesis of the butterfly twins, and the
cooling rate has tobe adjusted to prevent excessiYe spontaneaus nucleation
and to presen-e the platy habit. The poisonous flouride Yapours require the
use of a Yentilated hood during growth. A modification of this Remcika
proccss to grow ßaTi0 3 was published by Bradt and Anseil ( 196 7).
C. Spine/, \lg.-\1 2 0 1• 80.6 g MgO, 204 g .-\1~0 3 , 1500 g PbF~ and 10 g B~0 3
an.: premelted in a 500 cm'1 platinum crucible at 900°C, then a further
WOg PbF~ is addcd. The cruciblc is sealed by a platinum Iid which has at
its centre a hole of 6 to 9 mm diameter which determines the evaporation
rate of the soh·ent . The crucible is then placed on a zirconia ceramic plate
into a siliconcarbidemuffle furnace which is heated to 1200°C -= < 0.5 ° in
8 hours, and kept at that temperature for two weeks which is sufficient
time to eYaporate most of the solvent. After cooling to room temperature
the crystals are remoYed mechanically and residual flux is remO\·ed by hot
dilute nitric acid . Typically octahedra of 1 to 2 cm size may be obtained
(Wood and White, 1968). It should be noted that the cvaporated PbF~ is
poisonous ancl hea,·ily corrodes furnace ceramies and heating elements.

n.

Gadolinium aluminate, GdA10 3 • 264 g Gd 2 0 3 , 120 g Al 2 0 3 , 840 g PbO,
440 g Pb F 2 , 48 g ß 2 0 3 and 12 g Pb0 2 are premelted in a new 500 cm 3
platinum crucible (previously cleaned and chemically polished with a
potassium pyrosulphate melt) of a shape shown in Fig. 7.36(c), then
400 g PbF 2 is added. The platinum Iid with a hole of about 0.1 mm is
sealed to the crucible by argon-arc welding. The crucible is placed into a
Superkanthal muffle furnace and is centred on a ceramic holder which is
mountcd on a rotatable ceramic tube as shown in Fig. 7.44(b). Thc temperaturc of the furnace room is brought to 1290°C and is maintained for 15
hours during which time the accelerated crucible rotation technique
(.-\CRT)+ is applied using thc cycle of Fig. 7.44(a): C with a maximum
"!" Furnace and ACRT mechanism are available frum Käsermann & Sperisen,
lliel /Switzerland and from Eurotherm Schweiz, Glattbrugg ZH, Switzerland.
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rotation rate (in both directions) of 90 r.p.m. Localized cooling at the
centre of the crucible bottom is now provided by a constant air stream, and
the furnace temperature is reduced by 1o per hour to l200°C, with a maximum ACRT rotation rate of 70 r.p.m. The temperature is raised to
1270°C and held at this temperature overnight, then the temperaturc is
lowered by 0.3°C per hour to 1150°C and then by 0.5 °C per hour to
900°C. During the whole cooling time the ACRT action is applied with a
maximumrotationrate of 70 r.p.m. and a period of about two minutes. At
900°C the ACRT mechanism is stopped, the crucible is taken out of the
furnace, and the excess solution is poured off after two holes have been
punched into the Iid. Then the hot crucible is quickly placed into a
kanthal furnace at 850°C in order to prevent cracking of the (generally) one
to three !arge crystals formed (see Fig. 7.45a, b) and this furnace is then
slowly cooled to roorn temperature. After cutting the crucible rim the
residual flux is dissolved in hot dilute nitric acid, and the crystals are
mechanically moved from the crucible.
High precision and stability are required of the ternperature controller and
prograrnmer and the application of the PtRh6/PtRh30 thermopile of
Scheel and vVest ( 1973) helps to achieve Iarge crystals. Also the air flow for
localized cooling has to be weil regulated, otherwise nucleation control and
continuous stable growth (except for a short dendritic growth period
at the beginning) may not be obtained (Scheel and Schulz-DuBois,
1971; Scheel, 1972; Scheel and Elwell, 1972, 1973).

E. Yttrium iron garnet, Y 3 Fe 5 Ü 12{YIG). A cornposition in mole ~ ~ of
36.3Pb0, 27.0PbF 2 , 5.4B 2 0 3 , 20.78Fe 2 Ü 3 and 10.42Y 2 0 3 and of approximately 1 kg weight is premelted in a crucible shown in Fig. 7.36(e).
A Iid containing a narrow S-shaped platinum tube for pressure release is
welded to the crucible which must be sealed by welding. A seed crystal is
fixed to the centre of the Iid. The crucible is mounted into a ceramic
arrangement which can be inverted as described by Bennett (1968) and by
Talksdorf ( 1968) and which additionally can be rotated around a vertical
axis in orcler to achieYe stirring by ACRT after the horizontal axial holders
have been withdrawn, as discussed by Talksdorf and Welz ( 1972). The
initial arrangement is shown in Fig. 7.9(a). After heating OYernight at a
temperature of about 1250°C the crucible base is locally cooled by an air
fl.O\\" of about 160 1 per hour and the temperature is recluced to 1180°C.
Then the ternperature is slowly reduced by 1oc per hour to 1100°C at
which temperature the solution is saturated and spontaneaus nucleation
occurs (Fig. 7.9b). The crucible is smoothly turned into the position of
Fig. 7.9(c) so that the seed crystal is irnmersecl in the saturatecl solution.
The temperature is now reducecl at the sarne rate to 950°C with the cooling
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air Row maintaincd on thc region now in contact "·ith the sced crystal. Thc
solution is separated from the grown crystals (typically 3 cm in size) by
imerting the cruciblc again into the position of Fig. 7.9(d), and thc furnace
is cooled to room temperature at 50°C per hour.
During the cooling from 1100° to 950°C, stirring is achiewd by thc
accelerated crucible rotation technique descrihed in cletail in the preYious
example. In addition to the production of YIG crystals this process might
be useful when crystals of the same material haw to be grown repeatedly
to a size !arger than 1 cm 3 in pilot plant production. The adYantages are
the Bennett- Talksdorf nucleation control, the ACRT stirring of Scheel
( 1972) and the possibility of using the high temperature solution several
times, thus sa,·ing chemicals.

F. JVic!?el ferrite, I\iFe 2 0 4 • Weil-mixed powders of 179.4 g BaC0 3 and
43.2 g dry B2 0 3 (to give BaO x 0.62B 2 0 3 solvent) are placed in a weighed
platinum crucible of 7 cm diameter and 7 cm height which is fitted with a
Iid and slowly heated to 1000- 1100°. An automatic temperature program
with a heating and cooling cvcle of 24 hours is useful. Several fusions
may be required before enough soln·nt has been added to produce a
melt depth of about 3 cm.
After cooling to room temperature th e crucible is weighed in order to
ohtain the mass of borate solvent. N iO and Fe 2 0 3 are added in 1: 1 molar
proportians such that theseoxidesform 30% of the total weight of solution.
This concentration provieles several grams of N iFe 20 4 to act as nutrient.
The crucible without a Iid is placed into the crystal growth furnace in a
region such that the base is hotter than the melt surface. A furnace having
a horizontal di vision and with the two sections heated independently is
preferable.
The seed crystal of [111] orientation is tied firmly onto a platinum seed
holder which can be cooled, rotated and withdrawn at adjustable rates (see
for example the apparatus of Belruss et al. (1971), but also a commercial
Czochralski pul! er with a modified seed holder would suffice ).
The crucible is heated to 1320°C for a day with the seed just above the
melt, then cooled to about 1250°C with the temperature difference L1 T
across the solution adjusted to 10°C; direct control of this difference by
opposed thermocouples is preferable (one advantage of gradient transport
is that the exact grO\vth temperature need not be accurately set and the
liquidus temperature not accurately known).
The seed crystal is inserted just below the surface of the melt and
rotated at 60 r.p.m. Cooling of the seed is desirable by water or air through
the seed holder, typically by 5-10 ljmin of air. The crystal is observed
intermittently, preferabl y in reRected light. If it grows outward relatively
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quickly it is raised at about 2 mm /clay. The growth speed is regulated by
incrcasing or dccrcasing LJT. After a fcw days thc crystal is slowly withdrawn from the solution and cooled over several hours in the furnace or by
gradual removal to a cooler region (Smith and Elwell, 1968; see also
Linares, 1964; Kestigian, 1967; Whiffin, 1973).
The above six recipes have been tested on several occasions, and the
first two procedures are suggested for experimental courses in crystal
growth. A collection of crystal growth procedures checked in independent
laboratories, similar to "Organic Syntheses" and "I norganic Syntheses",
would be very helpful for many crystal growers and especially for occasional crystal growers such as physicists who require crystals of
one or a few materials for research purposes. Such a compilation of
"recipes" would prevent much duplication of work in the field of crystal
growth.
7.3. Special Techniques, Specific Problems
7.3.1. Crystal growth from HTS at medium and high pressure
The study of high pressure phases and phase transformations has grown
rapidly with the development of high pressure apparatus, particularly due to
the pioneering work of Bridgman. However, the main effort has been
devoted to transformations in the solid state, although an appreciahle
amount of research has also been carried out on hydrothermal synthesis of
minerals at medium pressures and temperatures (500- 3000 atm, 2008000C). The latter work has resulted in the !arge scale synthesis of quartz
and recently of ziron but, as was mentioned in Chapter 1, crystal growth
by the hydrothermal method is beyond the scope of this book.
Relatively little crystal growth at medium or high pressure has been
effected in non-aqueous solvents, with the notable exception of diamond,
which is now produced very widely. The reasons for the neglect of HTS
growth und er pressure are mainly that:

(a) The experimental effort required is extremely great, and increases ,·ery
rapidly with the pressure p, and correspondingly with temperature T
and solution volume V.
(b) The difficulty of finding solvents in which the solute has an appreciable
solubility, but for which corrosion-resistant containers exist, increases
withp and T.
(c) The difficulty in Controlling the growth parameters to the degree
necessary for the synthesis of good quality crystals increases with p and
T. At the very high pressures used for diamond synthesis, stirring is
still impossible.
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In thi~ :-;cction tiH· growth nf diarnnnd cr~·s tals ,,-jj( bc hridly discusscd
and a fc,,. namplcs will thcn bc giH·n of othcr crystab which ha,·c bccn
grown from I-ITS at high pressure .

.4. Crystalli:.:atiun of diamond. Se\·eral tons of diamond are nm\· producecl
per year for a Yariety of applications, especially for use as an ahrasiYe.
The bulk of the diamond is in the size range from 1 to 100 fl-m ancl the
pricc of synthetic diamond grit is comparable with that of the natural
mineral.
Although the synthesis of cliamond has attractecl the attention of
scicntists sincc the last century, a reproducible synthesis was reportecl only
in 1955 . The use of metallic solutions at 50- 60 kbar and 1400- 1600°C is
no,,· practisecl in se,·eral centres and has remainecl the only commercial
process, in spite of stuclies of alternative techniques such as growth from
the pure melt (Buncly, 1963), at about 4000 K ancl 140 kbar, ancl by
metastablc epitaxial cleposition from the vapour phase at atmospheric
pressure ( :\ngus et al., 1968).
'L'he apparatus used for the solution growth cxpcriments of diamond is
of thc " belt" type (Hall, 1960), the high pressure region of which is shown
in Fig. 7.47. Potential solvents have been cliscussecl by Wakatsuki (1966)
and especially by Wentorf (1966). 1\on-metallic soh·ents such as Cu~O,
Cu Cl, :\gCI, ZnS, Cc!O, FeS ancl silicate melts containing OH - ions were
founcl to produce only graphite, whereas se,·eral transition metals such as
Fe, :\i, Co, Cr or Mn or alloys of refractory transitionmetals with Cu procluce diamond under the same conclitions of temperature and pressure. Th is
obsen·ation was attributed by Wentorf to the low solubility ( < 1% ) of
carbon in the former group comparecl with that in the metallic solutions.
In adclition the nature of the dissoh·ecl carbon coulcl play a Yital role since
Wentorf ( 1966) showed that carbon has a positiw charge in meta! solutions,
a negati\·e charge in CaC 2 or Li 2 C~ ancl is neutral in the compouncl
soh·ents.
Th e phase cliagrams Fe- C, 1\:i-C ancl Fe-N i-C at 57 kbar haYe been
dctermined by Strong ancl Hanneman (1967) and Strang ancl Chrenko
(1971) ancl are shown in Fig. 7.49(a)-(c). In the Fe-C system, crystallization
of diamond is restricted to the region between the diamond-graphite
equilibrium at 1830 K and the melting point of Fe 3 C at 1688 :K. The N i- C
eutcctic lies at a lower carbon concentration ancl at a higher temperature
than in th e Fe- C system. The ternary Fe-N i-C system has seYeral ad\·antages oYer the binary systems since the cliamoncl-solution liquiclus extends
O\t:r a wider range of temperature as shown in the 1400°C section . .-\
similar aciYantage has been reported for the Fe- .'\1-C system (Strang and
Chrenko, 1971 ). lt is interesting that soh·ents which form cornpounds with
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thc solutc at lowcr temperatures (c.g. Fe 3 C, :\i 3 C ) arc the most suitable for
diamond growth, which supports thc principles discussed in Chapter 3.
Use of the phase diagrams has facilitated the growth of gem-quality
diamonds up to 5 mm in diameter (0.2 g) by Wentorf (1971). A gradient
transport technique was used, as shown in Fig. 7.50, at a constant pressure
in the range 55- 60 kbar with diamond m1trient at a temperature of about
1450°C and diamond seed crystals at about 1420°C. Th e use of seeds is
essential since kinetic factors othcrwise fa,·our graphite crystallization, and
PRESSUR(,
KB.

HMP[RAIURf, •K

F1c. 7.50 . Portio n
(\Ventorf, 197 1).

of the

press ure-temperature phase diagram of carbon
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it was found advantageaus for the growth of )arge crystals to locate crystals
at the lower end of the pressure cell. Diamond crystallites formed b y
spontaneaus nucleation then tend to rise towards the hotter region and an:
re-dissolved. With a temperature gradient of about 100°C cm - 1 the Aow of
solute to the seed crystals was estimated tobe of the order of 10 - 4 g cm - 2 s - J.
If this Aow is too rapid unstable growth will occur and graphite may
nucleate and grow as )arge Aakes . The maximum stable growth rate was
found tobe

where Y is the average crystal diameter in mm and b has a \·alue of 2.5 hr
mm - 2 • Thus the time required to grow a 5 mm diameter crystal is in thc
region of a week, which is similar to that required for a typical experinwnt
at normal pressure (see Section 6.4).
The growth mechanism is reported tobe by spreading of layers nucleatcd
at corners and edges of the crystal (We ntorf, 1971) or at growth spirals of
which a typical one published b y Strong and Hanneman (1967) is shown in
Fig. 7 .51. Further observations on surface features and morphology
haYe been reported by Bovenkerk ( 1961 ). The habit was obsen-cd tn
depend on the concentration of nitrogen in the solwnt; melts containing
nitrogen fa\·our the development of { 100} and {111} with minor {110} and
{ 113}, while in 1\ -free solutions the {11 0} and { 113} faccs, and sometimc~
[ 117}, frequently have slower growth rat es than the cube and octahedron
faces. The dependence of th e habit of diamond crystals on the growth
temperature and pressure has been discussed by Lit\·in ff al. ( 1968) and by
Bezrukov et al. ( 1969). N aturally facetted synthetic diamonds of gcm
quality ancl weighing about 0.2 g (I carat) are shown in Fig. 7.52. Thc
nitrogen impurity reduces the oYerall growth rate by a factor of about
1(3.
Thc nitrogcn content tends to produce a ydlo\\. colouration and a
rcsi stiYity grcater than l0 1 ~Q cm, whilc boron doping Ieads to a blul·
colour and a low resisti\·ity of 10- l0 6 Q cm. lt was recently estahlishcd
(Collins, 1972) that boron rather than aluminium is responsible for thc
blue colour of natural as weil as synthetic diamonds (Chrcnko, 1971 ). !Vlost
natural and synthetic diamonds show facet-related incorporation of
impuritics as discussed in the re view of diamond crystal growth by Strong
and \Ventorf ( 1972). Although the results of diamond crystal gro\\ th arc
spectacular, the cost of the !arger crystals is much higher than that of
natural gems. The genesis of the Yery )arge naturally occurring diamonds
of high quality, such as the Cullinan with a wcight of 3(Jl6 carats, is still
unexplained.
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F1 c . 7.5 I. Cro \\·th s piral on a ( 100) face o f cli a m o n d gro\\" n in ni ckt- ! (Stro ng and
ll anncma n , 196 7).
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F1 c. 7 ..12 . Synt heti c diam o nd crvs tals ofgem qua lit\' " ·ith natural : 100 ; and { 111 }
faces (Cou rtesv R. 1-1 . vVentorf. Ge ne ral El ectri c Co mp .).
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R. Other crysta/s gruwn at medium and high pressures. The preparation of
high pressure phases is of interest to chemists and mineralogists and also
offers the materials scientist the opportunity to obtain particularly novel
compounds or phases. In addition to the hardest materials diamond and
borazon (cubic boron nitride), interesting superconducting compounds
have been synthesized as an example of the variety of compounds and
modifications the properties of which are related to their highly condensed
structure. The crystal chemical aspects of high pressure phases have been
reviewed by l\ euhaus ( 1964 ), Kleber and \Vilke ( 1969), Klement and
Jayaraman (1967), Goodenough et a/. (1972), Rooymans (1972) and by
Joubert and Chenavas (1975).
In several high pressure transformations it has been shown that the
addition of small amounts of "catalysts", "mineralizers" or "fluxes" has
the effect of lowering the transition pressure ancl temperature or of
enhancing the rate of reaction. The transformation of graphite to diamoncl
discussed above will occur only in the presence of the meta! solvent and,
as a further example, the transformation of quartz into coesite, which
oceurs without "catalysts" at about 90 kbar and 20000C, will proceed at
20- 35 kbar and at 5UU to 75UcC \\ ith the adclition of H 2 0, H 3 H0 3 or
(l\H.1) 2 HP0.1• In reality the additions act as high temperature solvents ancl
thus increase the mobility of the crystal constituents.
Thc growth of crystals of the high pressure phases is highly desirable
for structural studies and for determining the physical properties, but it
has been achieved only in relatively few cases. Examples are given below.
Cubic boron nitride ("Borazon", BN): Cubic B.:\i is the II I- V analogue of
diamond and seems to have a slightly higher hardness than diamond, and
also has the ad vantage of a higher resistance to oxidation. The first successful crystallization of cubic BN was reported by Wentorf ( 1957, 1961, 1962).
He used Li, other alkali and alkaline earth metals and nitrides, Sb, Sn and
Pb as solvents at pressures of 45-64 kbar and temperatures of 1500- 1900°C
and postulated the formation of a LiaN x 3B N-complex actingassolvent
Depending on the growth conditions and on the impurity content small
white, yellow or black crystals were prepared. DeVries and Fleischer
(1972) determined phase equilibria pertinent to the growth of cubic BN,
and Bezrukov et a/. (1968) and Matecha and Kvapil (1970) studied the
perfection and the growth phenomena of high pressure-grown diamond
and borazon crystals.
Boran phosphide BP: Baron phosphide decomposes und er atmospheric
pressure at 1200°C, which is weil below its melting point. It has been
crystallized by slow cooling from solution in nicke! or iron (Stone, 1959)
and from solution in black phosphorus at temperatures of 1200- 1300°C
and a pressure of 15 kbar by l\iemyski et a/. ( 1967). The growth process
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appeared to be by isothermal transport of BP in solution with boron
located at the base of the graphite container acting as nutrient. Baranov
et al. (1967) used Cu 3 P as solvent and grcw crystals up to 4 >~ 3 x 2 mm in
size over a period of one month.
Cobalt diphosphide CoP 2 has been crystallized from germanium at
temperatures between 800° and 1200°C at 65 kbar by Donohue ( 1972). Thc
same author crystallized MnCoP.1 from excess phosphorus at 1200°C ancl
65 kbar.
Crystallization of compounds of high oxidation states at high o.\ygen
pressures: The synthesis of garnets and ferrites free from divalent iron at a
few atmospheres oxygen pressure has been mentionecl in Section 7.1.5.
Although considerable research has been clone on "dry" and on hydrothermal systems (see for instance Roy, 1965) high pressure crystal growth
to obtain crystals of high valency states does not yet seem to have bcen
given much attention, with the exception of Cr0 2 .
Ferromagnetic Cr0 2 is at atmospheric pressure only stable up to 300°C,
but at pressures of 40 kbar the stability field extends to about 1400°C
according to DeVries (1967) and Fukunaga and Saito (196R). DeVrie~
(1966) grew Cr0 2 layers from Cr0 3 by liquid phase epitaxy at high
pressure, and Chamberland ( 1967) grew crystals of Cr0 2 up to 0.4 mm
size from \·a rious Auxcs at 60- 65 kbar ancl 500- l000°C, th e bcst Aux being
N a 2 Cr0 1•
Crystallization of compounds with high coordination numhers at h(I:h
pressures: Quitc a number of compounds are likely to form clenser moclifications at high pressures, and the high pressure synth esis of seYeral ne\\.
compounds has been reported . But here again the limitecl Yolume a\·ailable
in high pressure apparatus and the experimental clifficulties haYe preYented
a wide actiYity in this most interesting field . Examples of successfu l
crystal growth experiments are giYen in the following.
Lithium metaburate LiB0 2 has at normal p - T conclitions a monoclinic
chain structure. 1\larez io and Remeika ( 1965) reported a tetragonal hi gh
pressure phasc (y-LiB0 2) with a zinc bl ende-like structure and were able
to grow crystals of this compound from LiCI Aux at 15 kbar ancl 950°C
(1966). The solution was held for one hour's growth time in a small
tantalum container in a furnace assembl y described by Kennecly et a/.
(1962). The solvent was dissol ved in methanol, and small colourless crystals
\\·ere obtained. vVith a LiCI-rich solution anoth er phase was synthesized
which was face-centred cubic with a lattice constant of 12.13 Ä and which
could be a Iithium chloraborate of boracite type although no chemical
analysiswas made.
In order to study o:-Ga 2 Ü 3 as a possible Iaser host for chromium analogaus to the isostructural corundum, crystals ofthishigh pressure modifi-
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catinn nf Ca~0 3 han:~ bccn grmn1 hy Rcmcika and Marcziu (1'166) although
Fostcr and Sturnf (1 1JSI) succccdcd in thc prcparation of mctastablc aGa20:1 at normal pressure. In a similar experimental arrangernent as rnentioned for the LiBO~ synthesis Remeika ancl Marezio usecl NaOH as
solvent, ancl 44 kbar and 1000°C were applied during one hour. .\fter extraction of the srnall colourless crystals two kinds of growth habit resembling the hexagonal plates and the rhomboheclra of a-AI~O:J were observecl.
Chromium cloping resulted insmall green rhomboheclra of which the difference in colour cornpared to red ruby was considered to be caused by a
ditference in crystal fiele! splitting due to the significant size ditference
between the AP · and Ga 3 " ions.
During studies on the effect of high pressures on rare-earth garnets it was
found that some of them decomposed to th e rare-earth aluminates of
perovskite type and the sesquioxides of corundum type (Marezio et a/.
1966a). Using this reaction in the presencc of a l\aOH flux at 70 kbar ancl
1000°C YGa0 3 and YbGa0 3 coulcl be crystallizecl in one hour as small
transparent crystallites (Marezio et a/. 1966b ). Recentl y Dernier and
Maines ( 1971) reportecl on the high pressure synthesis ancl crystal data of
the rare earth orthoalurninates.
Further examples of crystal growth at high ternperatures ancl high
pressures haYe been listed by Rooyrnans ( 1972), Gooclenough et a/. (1972)
and by Joubert ancl Chenavas ( 1974 ).
7.3 .2. Undesirable crystal growth from high temperature solutions

In a number of processes involving high temperature solutions there is
unclesired crystallization. In rnetallurgy ancl in the ceramic and cernent
industries the developrnent of !arge crystals or the crystallization of
unclesirecl phases might eiegrade the rnechanical and thermal properties
of the product, and de,·itrification in the glass industry rnakes the proclucts
worthless, unless devitrification is achiewd intentionally as in the fabrication of Pyroceram f -type ceramics.
A common problem in nuclear-reactor technology occurs in the cooling
circuits (when low-rnelting metals ancl alloys such as sodiurn or sodiumpotassium are used as coolants) as weil as in the recently developed
liquid uranium-bismuth alloy fuelled homogeneaus reactor. A solidliquid interaction (corrosion) occurs in the hot region in the reactor, and
crystallization of the dissoh·ed containermaterial or of its compounds with
the liquid meta! occurs in the cooler region (Weeks ancl Gurinsky, 1958).
Another example of unwanted crystallization is the crystal growth of
whiskers by the VLS rnechanisrn which occurs occasionally in electric
installations when the appropriate conditions are accidentally fulfilled.

t Trademark of Corning Glass
0 2

\Vorks , Corning, 1'\.Y.
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However, it is not intend ed to give a broad survey of th e topi c of thi s
secti on . T he above exampl es m erely ilJustrate wh ere un wanted crysta l
g row th processes mig ht occur and how im portant it mi g ht be in certain
cases to prevent or to con trol th em . In th e folJ owing di scuss ion a few
exampl es of undesired effects obser ved in th e practice of Aux g rm1·th arc
brieAy m enti oned.
U nwanted crystal g rowth obviously occurs when th e expe rim ent results
eith er in ve ry smalJ crystal or in crystals of an und esired phase. T he
form er prob lern has bee n discussed in Secti ons 3.4.3, 3.6.2., 7. 1.1 and

F1 c . i .53 . .-\ ccidenta ll y fo rm ed crvs tals o f Iead felds pa r (Sc heel, 19i I).

7 .2.7, th e latter is a matter of th e stability fie ld s as d iscussed in Sect ion
3.8.5. :\noth er cxam pl e of unex pect ed Aux g ro11·th occ urred during th c
preparati on of Zn.'\.120 1 crystals from PbO - PbF 2 - B~0 3 so h ·cnt : th e
p latinum cru cibl es co1·ered with a Ii d (bu t not sea led) were pl aced into
mullite- type ce rami c cruc ib les wi th ce rami c Iid s. After th e slo11·-cooli ng
experim ent and remm·a l from th e furnacc th e und ersidc of th e ce rami c
Ii d showed elongated crystals w hi ch 11·e re id entifi ed as sol id so lution s
of th e fe ldspa rs 1C \1 S i3 0 8 and Pb:\1 2 S i 2 0 8 , th e first sy nth es ized Pb conta ining feld spar crystals (Sc hee l, 197 1), see Fig. 7.53. Wank lyn and
Hauptm an ( 1974) reported that s ilicat e crystals g rew in so luti o ns for
exampl e of Er 20 3 / Mo 0 3 in Pb0 /Pbf 2 whe n g ro11·th occ urr ed in a sillim anite muffl e furn ace.
C rystal s of up to 5 mm of platinum ancl of seYeral platinum-l ea cl
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compounds have been observed in flux growth experiments with corrosi,·e
Iead- and fluorine-containing melts, especiall y when the conditions were
slightly rcducing. In general these crystals are not v.·anted, cspecially when
they intergrow with the required crystals. Therefore a slightly oxidizing
atmosphen: or a redox buffer in the melt, such as \ ' 2 0.;, are used to
minimize flux growth of Pt-containing crystals.
!\lost cxperimentalists will haYe obsen·ed examples of um,·anted crystal
growth from high-temperature solutions. Identification of the crystalline
phase, for instance by X-ray powder diffraction, is worthwhilc, as in somc
cascs interesting or noYel materials may have crystallizecl. On the other
hancl an im-estigation of the crystallized phases may indicate thc parameters
to bc moclifiecl in ordcr to preYent the unwantcd crystallization .
7.3.3. Unexplored techniques and areas

0."early all areas of crystal growth from high-temperature solutions are
not weil understood, thus the whole field might still be said to be "unexplorecl". HowcYer, in the following discussion onl y examples of those
(experimental) topics will bc brieflv discussed which arc or might become
of gcneral interest .
.i . .Yezv materials . .-\ number of matcrials with interesting propcrties for
rescarch and with potential applications exist which haYe not yet been
grown reproducibly as crystals of sufficient size and quality by crystal
growth from melt or from Yapour. Several of these could probably be
grmm from high-temperature solutions, for example BeOt, BiFe0 3 , SbSI,
SiC and TaC. An interesting example of the success of a !arge effort is
thc growth of colourless diamoncl crystab of gem quality and up to 1 carat
sizc as discussed in Section 7.3.1.
:\o,-el materials with interesting properties may still await disco very,
because of all possiblc compounds .\,.8" of elements A and B only approximatcly 50 °/o are known, and of the compounds A ... B!/CZ the estimate of
Lydtin ( 1972) isthat 1% are known, and of quaternary compounds ABCD
a small fraction of a percent is known. Thus many compounds are still to
be discoYered, for instance by imestigation of the corresponding phase
diagrams or b y isomorphaus replacement in known structure types. In
addition solid solutions might be prepared to optimize the required
properties ..-\. class of compounds which has not yet found wide interest is
that containing elements in unusual Yalency states, partially because of
experimental difficulties of preparation. Also extreme conditions (pres,;ure, tempcrature) could produce interesting new materials.

t The reproducible growth of ]arge BeO crystals has recently b ee n reported by
::>. B..\usterman (priYate communication).
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Bo New solvent systemso As in the case of new materials, there are likely tobe
novel solvent systems for old and new materials which have advantages
over the solvents now in useo The approach is to achieve optimum characteristics with respect to solubility and corrosivity, viscosity, metastable
region, stable growth, and purity of the crystals grown from themo In developing new solvents the aspects of compound and complex formation as
discussed in Chapter 3 might be useful. With increasing knowledge of solutions and of thermodynamic properties of the components the choice of
solvents might be made on theoretical groundso
It is suggested to use the "hydroflux" method for growth of various
oxide compounds, hydroflux being a co11bination of the hydrothermal
and the flux techniqueso In natural crystallization water is known to be an
excellent modifier of solution properties and accordingly one would expect
its beneficial influence on certain solvent systems at the medium pressures
requiredo An approach in this direction is the use of highly concentrated
salt solutions, of about 50 mole o/o , in hydrothermal crystal growtho

Co High temperatures, high pressureso Extreme conditions such as very high
tcmpcratures and high pressures arc Jifficult to achieve, especially in the
volumes required to grow sufficiently !arge crystals from high-temperature
solutionso With the exception of diamond and boron nitride, not much
work has been done either at temperatures above 1500°C or at pressures
exceeding a few atmosphereso Examples where high temperatures have
been required to grow extremely refractory crystals are the growth of
SiC, \VC and the europium chalcogenideso Recently crystals of LaB 4 , which
is incongruently melting at around 1800°C, have been prepared by Deacon
and Hiscocks (1971) by slow cooling from 1700°C and are reproduced
in Figo 70540 Although the experimental difficulties increase enormously
with tcmperature and especially with pressure, significant new results are
tobe expected from studies in this areao

D 0 Elertrolysis; an electric field as a driTing force for supersaturation 0 Crystal
growth by electrolysis in molten salts seems a promising area (see Section
701.2), especially for the growth of refractory compounds like borides and
pnictides and of compounds with defined (lower) valency stateso Howe,·er,
the Iiterature indicates that many compounds haYe been prepared by
high-temperature electrolysis, partially on a production scale, but relatiYely
little systematic work has been done on the application of electrolysis to
the growth of !arge high-quality crystalso
Another application of electric fields across ionic solutions might be
considered, namely as an easily controlled driving force for Supersaturation, even in the absence of electrolytic reduction or oxidationo The
growth rate may be controlled by varying the electric current through the
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F1c. 7.5 ~. Lanthanum tdrabo rid e cr vs t al o f S.'i mm length g rmn1 fr o m lant hanum soluti o n bv coo lin g from 1700 to 1200 ( D eacon an d 1-1 iscock s . 197 1).

so luti on in an iso th erm al melt in a unifo rm tem perature zo ne as was
demo nstrated by Elwell (unpubli shed ) fo r th e g rowth of Fe 2 0 3 fr o m
Ba0/13 2 0,1. 1t is poss ib le that an electri ca l dri,·in g force m ay Iea d to
e nh anced stab ility of g ro,,·th co mpared \\·ith a th erm al dri,·ing fo rce. An
a dditi onal use of an electri ca l dri,·ing forc e is in th e p rm·isio n of tim e
markers fo r g row th rate cl eterminati o ns, as in th e e:-; pcrim ents of T,ich t en s te igere/ a/. ( 197 1).
E. Crow th of specia/ crysta / shapes. Thi s top ic has been ex tensi,·cly di scusscd
in C hapter 5. S pec ial crystal hab its are of ad ,·antage for ce rtain applications
ancl ph ysical m eas urements. For exa mpl e th e BaTi0 3 butterA y t\\·ins
co nsisting of two thin single-crystallin e platelets, as gro \\·n by R eme ika
( 1954), were important fo r a ,·a ri ety of meas urem ents and co ntributed
s ignifica ntl y to th e deYe lopm en t of ferroe lectri cs. ]n th e case of BaTi0 3
th e twin-pl ane ree ntrant edgc (T PRE ) growth on undi sso h ·ed crysta llites
was responsibl e fo r th e formatio n of platelets of barium titan ate w hi c h
oth erwi se g row s as cubes o r sim il ar compact shapes . Oth er exa mpl es of
TPRE g rowth of plat elets are alumin a .Al 2 0 3 (\Va ll ace and \\"hite, 1967)
and berylli a BeO (A usterm an, 1964). lt is probab le th at und er ap prop riate
co nditi ons m an y m o re compounds co uld be g rown as p lates b y a t\\·in
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mechanism, and a number of examples of semiconductors grown by TPRE
were given by Faust and John (1964).
Crystalline fibres or whiskers of various materials (SiC, Al 2 0 3 ) arc
applied as components of high-strength materials. U ntil now most
whiskers have been produced from the gasphasevia a liquid droplet by thc
Vl~S mechanism but they could also be crystallized from bulk hightemperature solutions. For example, crystalline fibres of Ti0 2 , Zr0 2 and
ZrSiO 1 have been prepared from borate melts (Russell et al., 1962), and
Morgan and Scheffier ( 1965) showed how these fibres could be separated
from the solution.
On the other hand there are a variety of crystals which grow in inconvenient shapes like needles or plates and which are required as
equidimensional bulk crystals, such as Ti0 2 , YV0 4 , Beü, SbSI and SiC.
There is as yet no simple general solution to this problem. The approach
until now has been to modify the solvent, growth temperature and Supersaturation, but it might be preferable to control the flow pattern with
respect to crystal orientation in order to influence the crystal habit.

F. Liquidphase epita.\y. This topic is discussed in Chapter H, and here it
will be briefly mentioned that LPE is a still unexplored field. One of thc
reasons isthat since the first report on LPE by Nelson ( 1963) this technique
has been little studied as such since most LPE work has been concentrated
on fabrication of specific devices. A comparison of LPE and chemical
Yapour epitaxy has recently been published by Minden ( 1973), and the
first proposal for LPE as a commercial process has been made by Bergh
et al. (1973). However, it is a lang way from growth on a single substrate
to the batch process proposed by Scheel and Schulz-DuBois (see Section
8.4.2) and to a continuous Aow process as discussed in Section S.fi.

G. Grmuth of !arge rrystals. Thc parameters which arc important for
growth of !arge crystals haYe been discussed in this chapter, and crystals of
several cm in diameter and weighing seyeral hundred grams ha,·c been
obtained of ,·arious compounds. Ho,,·e,·er, only two materials are grown
commerciall y as !arge crystals from HTS, namel y magnetic garnets and
emerald, th e former as inclusion-free crystals 2- 5 cm in size or with
inclusion-free regions of 1- 2 cm thickness. It is expected that !arge
crystals could be grown if required b y application of the technology which
corresponds to commercial crystal growth from aqueous solutions. Seed
crystals could be fixed on rotated seed holders or into rotated solutions, and
the precise temperature control and programming as discussed in Chapter
6 and in Section 7.2.2 are required. For volatile solutions accelerated
crucible rotation is the alternative stirring technique. lt was shown
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throughout the book that it is now possible to grow large crystals of high
purity and perfection, although the effort to achien~ this goal ,·aries for
different materials.
H . .Hass rrysta/h::;ation. The large-scale production of small crystals may
be diYidecl into two fielcls. In the first a (arge excess of solute, of material to
be crystallized, is present with only a small amount of soh·ent whereas in
the sccond field the mass of small crystals is precipitated from prcviously
homogeneaus solutions.
An c:.;ample of the first field is thc industrial crystallization of diamond
to bc used as abrasiYe: only small amounts of metals or alloys (l·'t?, Ni, Cr)
as soiYents are present, and accordingly the term "catalyst" has been
frcquently used for the metal solvent. In the high-pressure cell, under the
temperature and pressure conditions required for diamond synthesis
(sec Sections 7.2.8 and 7.3.1), graphite or a carbon-containing compound
recrystallizcs through the thin solvent layer to form diamond.
A similar mechanism, crystal formation or recrystallization through a
thin solution layer, occurs in manv processes where materials arc preparcd
at high tl'mperatures. Examples arc the fabrication of porcelain and ccment
or thc rccrystallization of cadmium sulphide phosphors at high temperatures by the addition of a small amount of a salt, usually sodium chloride.
Generally the tcrm "mineralizer" is uscd for thc soh·ent which might
rcmain as a component of the product as in thc case of porcelain and
cement or which might be subsequently dissoiYed, as is the r\ aCI aftcr
recrystallization of cadmiurn sulphide.
Solid state reactions used for synthesis of materials may not akays be
reactions in the solid state (by diffusion): the formation and crystallization
of the ne"· compounds frequently occurs in a liquid layer. This liquid
might be a eutectic of the componcnts and impurities which accelerates
the rate of reaction significantly. On the other hand, small amounts of a
suitable solvent might be dcliberately added to the components of the
required compound, as in the preparation of CdTe, GaP and other
chalcogenides and pnictides at relatively low ternperatures by the adclition
of the corresponding rnetal iodide (Kwestroo et al., 1969; Kwestroo, 1972).
Other exarnples are the preparation of metallic silicides and germanides
by an amalgam method (Mayer et al., 1967), of rare-earth nitrides by the
<lrnalgam method by Busch et al. ( 1970), of oxide cornpounds by thc
addition of salts (Wilke et al., 1965; Wickharn, 1970; Petzold et al., 1971 ),
of several sulphides by the addition of alkali polysulphides (Scheel, 1974),
and of carbides by the additon of a meta) bath (often 70 wt % fe, 30 wt %
:\i, called "menstruum") as described by \~'indisch and Nowotny (1972).
Other examples of industrial applications of mass crystallization from
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high-temperature solutions are the fabrication of Al 20 3 and SiC whiskers
by the VLS mechanism, and the electrolytic preparation of refractory
materials (metals, borides, carbides, etc.) from molten salt solutions. In
these cases the precipitation of the crystals or layers occurs from homogeneous solutions, the electric field being the driving force for supersaturation. Examples of mass crystallization from high-temperature solutions
with solvent evaporation or with slow cooling as driving forces for supersaturation are not known to the authors although there are methods for the
preparation of interesting materials which seem easier and better than
conventional technology. As an example, tons of CdS phosphor and
photoconductor are fabricated by a complicated many-step process
(Weisbeck, 1964) and could be crystallized from alkali polysulphide melts
(Scheel, 1974) with metallic cadmium or a Cd compound as starting
material.

7.4. Summary
In this section no attempt is made to summarize the whole chapter but
attention is drawn to a few major points.
The experimental techniques which appear to offer most promise for
the growth of !arge, relatively perfect crystals are slow cooling in sealecl
crucibles stirrecl by the accelerated crucible rotation technique, topseeded solution growth, and the travelling solYent zone method. The two
latter methods are restricted to solvents of low volatility and this restricts
their applicability. For growth in sealed crucibles, solvents in the system
Pb F 2 /PbO /B20 3 haYe been particularly successful for refractory oxides
which still form the most important class of materials crystallized from
high-temperature solution.
lmprovements in crystal size and quality can often be obtained by the
use of seeds, and the introduction of the Bennett- Talksdorf seeding
technique is a valuable innoYation. The use of temperature cycling and
localized cooling to restriet nuclcation are particularly worthwhile sincc
the introduction of stirring by the accelerated crucible rotation technique.
QuantitatiYe models are now available for growth by most of the techniques mentioned and the main criteria for the design of apparatus haYe been
establishecl. The necessity to maintain the growth rate below the maximum
stable Yalue has been strcssed. Temperature stabilization is of particular
importance in any experimental methocl .
Although this chapter has been concerned with the growth of bulk
crystals, one prediction which can be made with confidence is that the
emphasis will movc in the direction of crystal growth of thin layers by
liquid phase epitaxy.
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8.1. lntroduction to Liquid Phase Epitaxy (LPE)
The deYelopment of electronic technology has been increasingly in the
clirection of clevices utilizing a thin layer of material. Such planar deYices
otfer ac\Yantages not only of ease of access for the input and retrieval of
information in some form but also in terms of thc material rcquirements.
:\lany materials of intcrest are difficult to prepare as bulk crystals without
serious inhomogeneities, strain, inclusions or othcr defects. The preparation
ofthin crystallinc fi.lms therefore makes possible a range of clevices which
\\'Ould not be possible (or economically feasible) i f only bulk crystals were
considered. Epitaxial chemical vapour deposition has already reached the
stage where computer-controllecl plants are used for commercial clevice
production, ancl the realization of a similar stage in liquid phase epitaxy
(LPE) appears tobe close at hancl .
In this chapter the methods and mcchanisms of LPE will be rcviewed,
\\ith partiCLIIar rcfcrencc to the two typcs of device \\·hich appear to offer
thc greatest current promise for commercial production. Although several
devices have been proposed and inYestigated, the great majority of the
etfort to date has been concentrated on two types of material- the III-V
semiconcluctors for applications as light-emitting diodes, including Iasers,
and magnetically anisotropic garnet materials which exhibit cylindrical
"bu bble" doma in structu res .
LPE normally invoh·es the deposition of epitaxial films, typically
sev eral fL111 in thickness, on carefully prepared substrates of similar
structurc. The substratc matnial shoulcl approximatcly match the material
to be deposited both in lattice parameter and in linear thermal expansion
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coefficient, otherwise strains are introduced into the film and dislocations
or cracks occur if the mismatch is excessive. A distinction is made between
lwmoepitaxy , in which case the film is of the same composition as the
substrate except possibly for the nature or concentration of some dopant
(as in p-n junction fabrication) and heteroepita.\)' where the film and
substrate differ markedly in composition.
The widespread use of LPE, especially for devices based on relativdy
thick layers (> 1 p.m), depends upon its convenience and on the high
quality of the deposited film compared with that which can be obtained
from the melt or from the vapour phase. An important advantage of LPE
fi.lms over those grown from the melt is in the low concentration of point
defects, which may be particularly troublesome in semiconductor devices
which require a low residual impurity concentration. In addition, as
shown by Vilms and Garrett ( 1972) for the growth of GaAs, certain
impurities in the source material are removed from the gallium solution
by evaporation into the stream of hydrogen gas flowing over the solution.
It is possible that similar purifi.cation processes areoperative in other solutions in addition to the normal impurity rejection by the growing crystal.
The LPE process involves the introduction of a carefully prepared
substrate into a supersaturated solution, or into a nearly saturated solution
in which supersaturation is created after a short period during which
etching may occur. After growth of the layer has occurred, the substrate
is removed and it is necessary to ensure that the surface is free from any
drops of excess solution.
There are essentially two ways of promoting growth on the substrate
crystal: either the substrate may be immersed in the solution, or the
solution may be transported into the region of the crucible in which the
substrate is located. There are, however, many variations on these basic
processes and ,,.e shall examine the experimental methods in some detail.
A comparison ,,·ill be gi,·en in this chapter between the various techniques
used by different workers and an attempt will be made to establish the
important factors \\·hich determin e the quality of the films, and to suggest
the direction of future trends in this rapidl y changing field.
A complementary approach has been adopted in a review of liquid phase
epitaxy by Dawson ( 1972), who considers the application to specific Il I- \.
semiconductors and solid solutions . .-\ recent reYiew of LPE of magnetic
bubble materials has been given by Ghez and Giess ( 1974 ).
8.2. Light-Emitting Diodes

The methods used for film growth by LPE have been evolved in many
cases to meet a particular device requirement and it is desirable to consider
the principal applications of LPE films prior to a detailed discussion of the
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experimental techniques. Of the major applications of devices which
utilize LPE films, that with largest potential market is probably for semiconducting diodes which cmit visible light. These light-emitting diodes
(LED's) have the advantages of cheapness, low power consumption,
reliability and ease of fabrication into complex arrays, and are particularly
attractive for numerical display and similar applications. Consideration
has been given to their use for TV displays and for general illumination
although these are some way from realization. Reviews of the preparation
and properties of LED's have been given by Casey and Trumbore (1970),
Thomas ( 1971 ), and, along with a comparison of chemical vapour deposition and LPE, by Minden (1973).
The excitation of electromagnetic radiation relies on the injection under
forward bias of minority carriers, predominantly of electrons into the ptype region. The fraction of minority carriers that recombine with emission
of radiation to the total that recombine is termed the internal quantum
efficiency of the diode. A more meaningful quantity, however, is the external
quantum efficiency which is lower because of the loss of photons by absorption within the material.
Thc

11

avclcngth ,\ of thc cmittcd radiation dcpcnds upon thc energy

band gap Wr: of the semiconductor according to the relation ;\:::::: hc j WG,
where h is Planck's constant and c the velocity of light. For the emission of
visible light, the band gap must exceed 1.8 eV, which corresponds to a
wavelength of about 7000 A. This requirement excludes germanium and
silicon and, although the I I-VI semiconductors have band gaps in the
required region, they will also be excluded from this chapter since attempts
to make a stable p- n junction have so far been unsuccessful. The li I-V
compounds which remain may be divided into t'<vo categories according
to their band structure-in direct gap materials such as GaAs a photon is
absorbed by the crystal with the creation of an electron and a hole, while
in indirect gap materials like GaP the excitation of carriers involves a lattice
phonon for momentum conservation.
Emission of radiation from direct gap materials is a relatively simple
process in which the injected electrons recombine directly with holes, with
the emission of a photon. The energy of the photon will be the same as the
band gap except for a decrease with increase in the doping Ievel due to the
formation of a "tail" on the valence band by the merging of impurity
Ievels with the band edge. The major problem with direct gap semiconductors is self-absorption by the material of the radiation emitted,
since the characteristic wavelength for absorption is the same as that for
emission. As an illustration, Areher and Kerps (1967) reported an internal
quantum efficiency for GaAs of nearly 50% but the external quantum
efficiency was only 1% . Rupprecht et al. (1966) produced GaAs diodes of
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external effici ency 4% with silicon as th e dominant impurity, and attribut ed
this high valuc to thc closc compcnsation of thc dopant. This valuc may
be considerably improved by th e use of a domed structure, and Ashley and
Strack (1969) achieved values as high as 20% for a domed GaAs diode.
Since the band gap of GaAs is only 1.4 eV, the radiation emitted is in the
infra-red.
Because of the high efficiency of GaAs devices, LED structures have
been made in which a diode is covered by a layer of phosphor which
transforms some of the radiation into th e visible region. An alternative
approach is to alloy th e GaAs with an element which results in an increasc
in the bandgap. Table 8.1 lists some of the materials which are currently
TABLE 8.1. Materials for Light-Emitting Diodes (after Thomas 1971)
Direct gap
Alloy
Wmax(eV)
GaAs, _xPx
Ga, _xAlxAs
Ga, _.,ln.,P

2.0
1.9
2.2

lndirect gap
Compound
Wc (eV)
GaP
S iC

2.3
3.0

GaAs + phosphor
Phosphor
W.p11 (eV)
YOCI(Yb, Er)
YF,<Yb, Er)
YF:~(Yb , Tm)

l.'J
2.:l
2.fl

of interest for LED's. Ga 1 _x-A.l,.As layers are readily grown by LPE on
GaAs substrates since the lattice parameters of GaAs and AIAs differ by
only 0.009 A. One problem which is encountered in the production of such
layers is the )arge distribution coefficient of :\1 which normally Ieads to a
decreasing alumini um concentration during growth.
The maximum direct gap of 2.2 eV in the Ga 1 _,.In,.P system makes
possible the emission of a range of wavelengths from red tu green. The
red-emitting GaAs 1 _,.P .c alloys are \\idely used commercially but the diodes
are normally prepared from the va pour phase.
In GaP and other indirect gap materials the emission of radiation is a
much more complex process which in vo h·es an interaction with exciton
centres. 'T'he emission of red light depends upon the presence on adjacent
lattice sites of zinc (or Cd) and oxygen atoms which form a neutral Zn-0
complex. A n electron trapped by the complex can decay by pair emission
with a hole bound to the Zn acceptor or by radiative (exciton) decay with
the bound hole. The great advantage of indirect gap matcrials is that
absorption at the gap energy is very small so that self-absorption by the
material is low. The external quantum efficiency is not so high as in Sidoped GaAs but the value of 7% reported by Saulet al. (1969) still appears
to be the highest for any electroluminescent device emitting in the visible
region.
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Nitrogen in GaP also acts as a shallow ckctron trap duc to thc diffcrcncc
in atomic number brtween nitrogen ancl phosphorus, although both are
trivaknt. Thc trapping cncrgy in this casc is only about 0.01 cV. Whcn
electrons are injected into a nitrogen-doped p-type region, they are trapped
by the nitrogen and can attract holes to formabound exciton, which decays
with the emission of green light. The efficiency of nitrogen-doped diodes
is relatively low, about 0.6% , but the diodes appear roughly as bright as the
red-emitting diodes because of the greater sensitivity of the eye to green
light. Lorim et al. (1973) proposed that higher efficiencies could be
achieved by overcompensation as a means of producing the junction; this
has the advantage that the wafers need not be removed from the solution
cit1ring growth.
Silicon carbide is included in Table 8.1 since it could be used for the
emission of a wide range of wave lengths, including the ultraviolet region.
The bandgap varies according to the polytype and yellow emission has been
reported for the hexagonal 6H form. However the difficulty of fabrication
of epilayers and of substrate crystals has prevented the widespread development of practical devices.
In Fig. ~.l a comparison is given of the light output from various LED
structures, according to the review ofThomas (1971). The red GaP diades
are seen to require the lowest power for displays and are therefore preferred
at present but other matcrials are capable of development by a greater
factor, and rapid changes are likely in the immediate future. InP LED'S
have been studied recently by Williams et al. ( 1973), who report a quantum
efficiency of 1.5% at 300°K.
Lasers. The emission of high intensity electromagnetic radiation from
junction diodes led to early attempts to fabricate Iaser diodes, and Nelson
( 1963) reported the first semiconductor Iasers to be made by LPE. The
diades were made by cleaving the wafers to provide plane-parallel ends
perpendicular to a flat p-n junction obtained by deposition of n-GaAs on a
p-GaAs substrate. The threshold current for these devices was lower by a
factor 4 than for diffiused diodes of the same geometry.
Subsequent attempts to reduce the threshold current density ]th in order
to achieve continuous Iaser action at room temperature were reported by
Dousmanis et al. (1964) and by Rupprecht (1967). The threshold of the
GaAs devices made by the former group was about 4 x 10 4 A cm - ~ at
300 K, while Rupprecht achieved a value of 2.6 x 10~ A cm- 2 at the same
temperature, using a modified Iaser structure. Silicon, which exhibits a
temperature-dependent amphoteric doping behaYiour, was the principal
dopant for both n- and p-type material.
Still lower threshold currents may be achieved if heterojunctions are
used so that there is a sharp discontinuity in band structure and refractive
p
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very strongly on the width of the p-GaAs layer. A value of 2 f.LID was found
tobe optimum, with an increase leading to a lower light intensity for a given
current and a decrease causing a high er Jth because of hole injection.
The threshold current density may be still further reduced by the use of
double heterostructure (DH) diades as shown in Fig. 8.2( c). Alferov et al.
(1969b, c) reported a room temperature threshold current of 4.3 x 10 3
A cm - 2 and Casey et al. (1974) subsequently a chieved values arouncl
650 A cm- 2 for a square totally internally reftecting diode. The discontinuity in the bandgap at a p-p junction in the Ga 1 _xAI..:As system is entirely in the conduction band (Alferov et al., 1969a) so that electrons arc
blocked by this potential barrier. Hole injection is prevented by the
residual potential barrier in the valence band and low values of J 111 are
observed, particularly if the thickness of the GaAs Iayer is below 1 f.LID. A
comparison between J1h values for SH and DH structures is shown in
Fig. 8.2( d). Fabry-Perot Iasers on diamond heat sinks have been operated
continuously at room temperature, giving about 20 m W maximum power
at a current of 1 A, corresponding to a current density of about 3000 A cm -~.
A review of the development of DH Iasers has been given by Hayashi et al.
(1971). One of the proble1ns in the application of DH Iasers for high
density data transmission via glass fibres is the Iifetime of the devices,
which at present does not exceed 100 hours.
I t is expected that even lower thresholds will be possible with a onedimensional superlattice structure in which the composition varies
periodically with a spacing of 100-200 A between layers (Esaki and Tsu,
1970). Such a structure has been achieved by vapour growth and techniques
for its realization by LPE will be discussed in Section 8.4. This structure
may also Iead to novel high frequency devices.

8.3. Bubble-Domain Devices
It was established by Bobeck and coworkers (Bobeck, 1967; Bobeck et al.,
1969) that magnetically anisotropic materials of low magnetization will
support highly mobile cylindrical or "bubble" domains which are of great
interest for memory applications. Gamet materials appear to be most
suitable for this application since both the bubble diameter and the mobility
have acceptable values (Bobeck et al., 1970; van Uitert et al., 1970). The
growth of garnet films and the factors affecting the choice of composition
have been reviewed by Robertson (1973) and by Stein (1974).
The bubble diameter b is related to the saturation magnetization M"
magnetic exchange energy W"'" and uniaxial magnetocrystalline anisotropy
K" by an expression due to Th iele (1 WJ9)
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47T.H, is typically about ISO gauss at roorn tcmpcratun.:, thc n.:duction in
magnetization comparnl with thc undoped iron garncts nnrmally being
achicvcd by rcplacing somc tctrahcdral Fe by Ga orAl. Thc magnctization
should be substantially independent of temperature and this requirement
is often fulfilled by selecting a composition in which room tempenlture lies
midway between the Curie temperature and the compensation temperature.
The uniaxial magnetic anisotropy arises either from stress-induced
anisotropy due to mismatch bet\veen the lattice parameters of the film and
the substrate or from growth-induced anisotropy. According to Rosencwaig
and Tabor (1971) and Callen (1971), the latter effect is due to ordering of
the ions occupying the dodecahedral sites in the garnet structure and their
models explain most of the observed data at least qualitatively. However,
Isherwood ( 1968) demonstrated that even undoped yttrium iron garnet
exhibits a cleparture from cubic symmetry and Stacy and Talksdorf (1972)
reported a noncubic magnetic anisotropy in YIG. The latter observation
was explained by Stacy and Rooymans (1971) in terms of ordering of
defects such as impurity ions or vacancies ancl it is possible that other nonannealable mechanisms may contribute to the anisotropy.
The stress a in an epitaxial film is givcn (Besser el al., 1971, 1972;
Carruthers, 1972) by
a=

(1:

fl) (I- YJ)

(a':/_!)+ YJ(rx , - rx

1)

fJT

where Eis Young's modulus and f1 Poisson's ratio of the film, a , ancl a1 the
room temperature lattice parameter of substrate and film respectively, rx_,
and rx 1 their expansion coefficients, fJ T the temperature difference between
the growth temperature and ambient, and TJ the fractional stress relief. The
lattice parameter mismatch between the film and the substrate may be
made negligibly small but stress arises from the difference in expansion
COefficient between the gaJlium garnet SUbStrate ('-9.2 X 10 - 6 °C - 1 ) and the
iron garnets ( "-' 10.4 X 10 - 6 °C - 1). In the absence of Stress relief the resulting
tension would be in the region of 3 x 10 8 Nm - 2 or 45,000 p.s.i. (Blank and
N ielsen, 1972). This value is close to the fracture Iimit of many oxide
materials and cracking may be expected if the mismatch in a or rx has a
Iarger value. For garnet films grown on { 111} substrates, the anisotropy
resulting from the stress is given by

so that the anisotropy may be varied by selecting rare earth ions having
the appropriate magnetostriction coefficient ,\lll· The values of this parameter tagether with other useful data for the choice of a garnet composition
are given in the paper of van Uitert et al. ( 1970). Current practice
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(Roberson, 1973) is to minimize stress-induced anisotropy and to choose a
composition in which a rare earth ion of !arge ionic radius such as Y, Gd
or La is combined with one of small ionic radius such as Tm, Yb or Lu.
Ions in a spectroscopic S-state are preferred since the bubble mobilities
are found to be higher than in materials in which there is an orbital contribution to the magnetic moment. Bubble mobilities of the order of 10 3
cm s- 1 Oe- 1 are required for devices.
Another factor which might influence the choice of film composition is
the requirement of a good mismatch of lattice parameter and expansion
coefficient with the substrate. However a variety of non-magnetic garnets
are available as high quality crystals for use as substrates and it is often
more convenient to change the substrate rather than the film composition
to achieve a suitable match.
The variation in stress-induced anisotropy for films grown on substrates
of different lattice parameter has been studied by Giess and Cronemeyer
(1973), and the change in anisotropy due to the dependence on temperature
of the misfit was investigated by Stacy et al. (1973).
8.4. Experimental Techniques
8.4.1. Tipping

The development of liquid phase epitaxy, first reported by Nelson in 1961,
was stimulated by the paper of Nelson (1963) which describes the epitaxial
growth of germanium and gallium arsenide. The apparatus used is shown
diagrammatically in Fig. 8.3(a). The substrate wafer is held tightly against
the base of a graphite boat which is located in the centre of a uniform temperature zone of a furnace, inside a quartz glass tube through which
hydrogen gas is flowed.
Initially the substrate wafer is weil clear of the solution and the furnace
is heated to form a solution of, for example, GaAs in Sn. The power is then
switched off and the furnace tipped so that the wafer is covered by the
solution. lnitially the solution is not quite saturated and some dissolution
of the substratematerial occurs. On continued cooling, the solution becomes
saturated and eventually supersaturated so that epitaxial growth occurs on
the GaAs substrate. After deposition of a suitable layer, typically 20 J.Lm
in thickness, the furnace is tilted back to its original position and the
graphite boat immediately removed from the furnace and any remaining
solution wiped off the epitaxiallayer. The type of temperature programme
used by Nelson is shown in Fig. 8.3(b ). The cooling rate will depend on the
volume of solution used, the linear growth rate being in the region of
200 A s- 1 as for bulk crystals. A period of only 20 minutes is required for
the growth of a layer of sufficient thickness for device fabrication compared
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FIG. 8 .3. (a) Apparatus for cpilayer growth by tipping, (b) temperature programme (Nelson, 1963).

with many days for the growth of a bulk crystal. Nelson prepared GaAs
Iaser diodes from Sn or Ga solution and Ge tunnel diodes using indium as
solvent.
Burns (1968) used a similar arrangement to prepare n-GaSb from Ga
solution but with a different type of temperature programme. In this case
thc temperature changes were carried out rapidly in steps of 2-7°C, with
long holding periods after each change. The advantage of this procedure
would appear to be that etch-back of the substrate, equilibration and
growth occur under substantially isothermal conditions but a comparison
of the resulting fi.lms with those grown by the type of programme used by
Nelson was not given.
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Trumbore et al. (1967) drew attention to the importance of the method
of doping for the properties of a p-n junction, considering in particular the
preparation of (Zn + 0)-doped GaP films. They used an open-tube system
with a flow of hydrogen and nitrogen, with a separate Zn source to provide
Zn vapour to compensate for evaporation Iosses from the solution. A twozone furnace was used in order to regulate the partial pressure of zinc in
the region containing the solution. Direct flow of gas over the solution was
avoided in order to reduce the loss of Zn and Ga 20 by evaporation. The
principal disadvantage of this system is the poor control of thc oxygen
content of the solution.
Tipping in a closed tube system was reported by Shih et al. (1968) and
by Allen and Henderson (1968). Ladany (1969) used a gas flow but with a
covered boat in order to reduce dopant evaporation. Sau! et al. (1969)
achieved the very high value of 7.2 % for the efficiency of a GaP light
emitting diode by performing a 2-step anneal in the closed tube tipping
furnace . The importance of doping in relation to the performance of lightemitting diodes will be discussed further in Section 8.6.
The first successful preparation of magnetic garnet films of high quality
11·as dcscribcd by Linarcs (1968) using a method very similar to that uf
Ne lson (1963) but with a platinum boat. Gadoliniumgallium garnetwas
found to be the best substrate material, mainly because of the lattice
parameter match to the magnetic garnets at thc growth temperaturc.
I rregula1 surfaces developed on ( 111) substrates if thc growth rate exceeded
100 A s - 1 •
Orthaferrite films \\·ere grown by Shick and Ni eisen ( 1971 ), \\·ho used
a platinum screen to prevent undissolved particles of orthaferrite from
drifting into the growth region . The substrate, fastened to a platinum sheet,
was mounted in a vertical position at the end of the boat since this position
\\·as found to give a more uniform temperature distribution across the
wafer. Best results were obtained with the substrate held some S-10°C
below the temperature of the solution prior to tipping, in order to prevent
partial dissolution of the substrate. The solvent was 50Pb0: 1 B 2 0 3 and the
linear grO\vth rate only 10 A s - 1 • Growth was not possible on any nonmagnetic substrate due to the relatively rapid dissolution of these materials.
In all hetero-epitaxial deposition it is important to realize that the solution
is not saturated with respect to the substrate material, and kinetic factors
determine whether epitaxial layer growth will occur in preference to
substrate dissolution.
Shick et al. (1971) described the growth of magnetic garnet films on
gadolinium gallium garnet using the same technique and discussed the
characteristics of the resulting materials in relation to their application in
bubble-domain devices.
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Reccntly it appears that tipping has become less popular for the growth
nf garnet films than the dipping techniques which will be described in the
ncxt section. A notable cxception is the work of Plaskctt ( 1972) who
reported the highly reproducible growth of films of good quality. An
important problem in the achievement of uniform, homogeneaus films is
th e avoidance of temperature gradients across the substrate, and Plaskett
has mounted the substrates in such a way that the surface is horizontal
during growth, rather than inclined to the surface of the liquid at the
tipping angle.
In the growth of semiconductors by tipping, Donahue and Minden
( 1970) introduced rotary crucibles in which the tilting is replaced by a
rotation of 180° or 360°. The principle of this technique is analogaus tothat
used for nucleation control in flux growth of bulk crystals by Bennett and
Talksdorf which is described in Chapter 7. The great advantage of this
Solution
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FIG . 8.4 . Apparatus for epilaye r growth using small volume of so lution (Donohue
and Minden , 1970).

technique isthat only the crucible is moved, rather than the whole furnace.
The various boats used by Donahue and Minden are shown in crosssection in Fig. 8.4. In the simplest version, depicted in Fig. 8.4(a), the
substrate wafer is held against a flat portion of the inner wall of the cylindrical graphite crucible by an L-shaped pin which is anchored in the base.
The solution, which has a relatively small volume, is made to flow over the
substrate by inverting the crucible.
The crucible shown in Fig. 8.4(b) is an alternative version in which the
substrate is held in one of two wells, the second of which contains the
solution . A 360° rotation is necessary in this case to bring the solution into
contact with the substrate. Rotation in the opposite direction is used to
decant the melt after growth of the film by slow cooling.
In the crucibles described so far, the wafer is normally located further
p )
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from th e axis of th e furn ace th an th e solution , so th at th e tempe raturc
gradient is in th e wrong direction for stability acco rding to th e supe rsaturati on grad ient criterion . T hi s is rem edi ed in th e vc rsion shown in
Fig. 8.4( c) in whi ch th e substrate wafer is held in a recess o th at it is close r
to th e furnace ax is th an th e soluti on. Thi s design h as th c additional
adva ntage th at only a very thin laye r of soluti on is in contact with thc wafer.
The soluti on is held in place by surface tension in a 3 mm ga p bet\reen th e
substrate and th e crucibl e ·w all. In all th e expe rim ents of Don ahu e and
Mi nden, 5% of Zn was used in place of th e equi va lent amount of ga llium ;
thi s was found to enhance wetting of th e subst rate with out apprec iable
substituti on in th e lattice. Th e design shovvn in Fi g. 8.4( c) was found to
give th e b est quality film s, but all th e films showed an irregu la r surfacc
structure .
Rotatable crucibles \\·crc also used b y Stringfell ow ancl G ree ne ( 197 1),
wh o required to grow fi1m s uncl er isothermal conditi ons. Th cy enco unterecl
partietlia r difficulti cs in attcmpting to grow In As , _JSb r solid so luti ons b y
polyth erm al m eth ods, bcca use of th e !arge di stribution cocffi cicnt of As
and th e relati\·ely stron g cl epcnd ence of th e latt ice paramete r on th c r\ s
co nce ntrati on. r\ s with thc g rowth of bulk c rys tal s of so lid so lutions, a
steady state method is rcq uirecl in which a tem pcratur e g rad icnt is maintain ed ac ross th e soluti on with nutri ent material at thc hotter and th e substrate wafer at th e coo ler end. Beca use of th e !a rge distr ibuti on coeffi cient
of th e a rse ni c, I nA s was used as s ubstrate material sin cc th c rate of cle pl eti on o f Sb from th e m elt \\·as sli ght.
T he apparatus is shown in Fi g. 8. 5. The co nstitucnts of th c solution
Substrate
pos tt to n A

,--

-

--IA ctuator

z)

L iqu td Ga
so lut ton

F1 c . 8.5. Rota r y crucible (\ 'i lms and Garret t, 1972 ).
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are placed in thc crucible and held at the growth temperature for several
hours in order to achieve equilibration. The substrate and source are then
simultaneously introduced into the solution by rotating the crucible
through 180° about the axis of the furnace. Rotation to the original position
is used to terminate gro,,·th after a suitable period. A temperature difference
between source and substrate of 7-15 cC was found to be optimum, with
higher Yalues reslilting in the incorporation of solvent inclusions. No
evidence was found of substrate dissolution prior to gro,,·th. vVith an InAs
substrate, the composition of the epitaxial layer varied from that of the
substrate to that of the solid solution within the first 4 flm of growth, and
rcmaincd constant over the 80 flm of subsequent growth. The greatest Sb
concentration in the epitaxial layer was x = 0.25, beyond ,,·hich thc latticc
parameter mismatch with InAs is excessive.
:\ steady state method of epitaxial growth had been used pre,·iously by
Panish et al. (1966), who utilized a radial temperature gradient to transport
GaAs from nutrient material at the perimeter of the solution to a central
seed mounted onto a silica heat sink.
Vilms and Garrett (1972) have given a detailed account of thc growth
of Ga.-\s using thc type of rotary cruciblc shown in f"ig. 8.5, dcscribing in
particular the impurity concentration of doped and undoped laycrs. lt was
found that small air leaks in the gas supply are a major cause of impurities
in the epilayers. In a leak-tight system the concentration of 1- 2 x 10 14 cnr~
was achiewd by growth at temperatures below 700°C. The rate of growth,
about 4 x 10 - • cm s - 1, was reproducible to within 12% , and the variation
in thickness across a film was in the region of ± 20% . The a\·erage doping
density was reproducible to within ± 6%. A comparison was not given
between wafers mounted horizontally and those mounted vertically.
One disadvantage of the methods described so far is that the solution is
stationary during growth so that stirring occurs only by thermal and
solutal com-ection. Contralied stirring could be achieved in principle in
the crucible of Fig. 8.5 by alternate rotation in opposite directions about
its axis by, say, 10- 15 °. As discussed extensively in Chapters 6 and 7,
growth in an unstirred solution may result in more rapid growth at the
edges of the substrate and the maximum stable growth rate will be much
less than that in a stirred solution. An apparatus for the simultaneaus
growth of epilayers on seYeral substrates under stirring has been proposed
by Scheel and Schulz-DuBois (1972) and is shown in Fig. 8.6. The wafers
are located in recesses in a shallow crucible which can be tilted by about
15 ". The solution is allowed to homogenize in an outer reservoir A and the
crucible is then tilted so that the solution runs into the central chamber
where it is retained by a dam which separates this chamber from the
resen·oir. Growth occurs by programmed cooling with the crucible in its
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A

FIG. 8.6. Crucible for epilayer growth of several wafers in stirred solution (Scheel
and Schulz-DuBois, 1972).

horizontal position, with stirring by accelerated rotation (sec Chapter 7).
Vlhen the epilayer has been grown, the solution is decanted from thc
central compartment by tilting the crucible about either the A- or B-axis.
The use of more than one reservoir permits multiple layers tobe deposited.
A simpler means of stirring, by rotation of a horizontal substrate, was also
mentioned by Scheel and Schulz-DuBois ( 1972), and suitable substrate
holders are shown in the next section. In the apparatus of Lien and Beste!
(1973) the solution is forced from an inner chamber to an outer one containing eight substrates by centrifugal force as the crucible is rotated at
500-1000 rpm.
8.4.2. Dipping

The dipping method, in which the substrate is immersed into a supersaturated solution, appears to have been first reported by Linares et al.
(1965), who grew garnet films by gradienttranspurt onto YAG and Gd GaG
substrates. A similar technique was used by Rupprecht (1967) who required
to deposit n-GaAs on a p-type substrate. The advantage of dipping isthat
the time of growth is short and well-defined, and no movement of the
crucible is necessary.
Deitch (1970) advocated a "quick dip" method for the growth of GaAs
from Ga solution, with the substrate temperature some 50° lower than that
of the solution. The initial growth is then very rapid, but the !arge temperature gradient at the substrate-solution interface has a stabilizing effect.
In subsequent studies of the same system by Crossley and Small (1972),
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smootht·r laycrs and hctter reproducibility werc obtaincd whcn the substrate was undercoolcd hy only 5- 10°C, and most workers haH· preferred
to avoid a large temperature difference between substrate ancl solution.
Levinstein et al. ( 1971) pointed out that the particu1ar advantage of the
dipping technique for LPE growth of magnetic garnet films is that the
solution in a 50Pb0: 1B 2 0a Aux may be supercooled by up to 120°C and
th at the supercoolecl melt can be stable with respect to garnet nucleation.
Growth may occur under isothermal conditions and several films can be
grown by clipping of successive substrates with the solution remaining at
constant temperature. In these experiments the substrate was held in a
vertical position and maintainecl just above the melt for 5 min. before
clipping in order to attain a temperature close to that of the solution. The
growth rate for a supercooling of 30°C was 70 A s- 1 • The wafer \vas slowly
withclrawn ancl the solution found not to \vet the film during withdrawal.
The clensity of etchable clefects was less than 10 cm - 2 and a value of zero
found in some cases. The uniformity of the film was =2 to 5% over an
area of 0.6 cm 2 .
More cletailed investigations of a similar system were carriecl out by
Blank and N ielsen ( 1lJ72) and Blank et al. ( 1lJ72) and a cross-section of their
apparatus is shown in Fig. 8.7. The crucible has a volume of about 80 ml
ancl is located in a constant temperature region about 15 cm in length.
The constituents of the solution are initially meltecl in a larger crucible
and the solution poured into the crucible to ensure uniformity and to
produce only small garnet crystallites, so that redissolution is rapid on
heating to the growth temperature.
In orcler to deposit garnet films it is necessary to select a region of the
phase diagram such that garnet is the only stable phase. The generat
features of the pseucloternary phasediagram Aux -R 2 0 3- Fe 2 0 3 are shown
in Fig. 8.8, and the composition range found by Blank and Nietsen (1972)
to be optimum for the growth of their garnet films is summarized in
Table 8.2. The clistribution coefficient for gallium in yttrium iron garnet
grown from an unstirred Solution was found to vary from 2.26 at 1077°C
to 2.09 at 879°C and \vas substantially independent of the garnet composition. These values are slightly higher than those of Giess et al. (1972)
or Janssen et al. ( 1973) but there is generat agreement on the tendency of
the distribution coefficient to decrease with decreasing temperature. The
actual values observecl will depend on the growth rate.
The investigations of Blank and Nielsen revealecl some very unusual
features of the behaviour of the supersaturated solution. In the region
where the orthaferrite is the stable phase, the maximum supercooling is
only about sec and the addition of only about 0.2 % by weight of the total
melt of Fe 20 3 will increase this value to 30-60°C if it displaces the com-
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Frc. 8. 7. Furnace for garnet film growth on \'ertical rotating substrate (Blank
and Nielsen, 1972).

position into the garnet stable region. By selecting a composition close to
the phase boundary, it is possible to produce a solution saturated \\·ith
respect to orthaferrite but supersaturated with respect to garnet, so that a
garnet film may be grown epitaxially in the presence of orthaferrite crystallites, but without the spontaneaus nucleation of any garnet. The time
over which a supercooled melt is stable increases with the distance from
the orthaferrite boundary.
As stressed by Nielsen (1972), high growth temperatures must be a\'oided
in order to prevent appreciable dissolution of the substrate. A lower growth
temperature will also reduce the rate of solvent evaporation and hence the
attack on the substrate prior to immersion.
Blank and Nielsen also found that there exists a critical mismatch
between the lattice parameters of a garnet film and the non-magnetic
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Fl!;. 8.8. l'seudo-tcrnary phase diagram showing stability fields uf garnet and
nrthoferritc phasc (Blank and N ielsen, 1972).

garnet substratc. Nucleation did not occur cven in a strongly supersaturated solution if the mismatch between the substrate and the stable
solute phase exceeded 0.19 A. This value is of course much !arger than that
for cracking of the films, which Talksdorf et al. (1972) reported to be

o.o1s A.
If deYiccs based on LPE films are to be commerciaily viable, holders
suitablc for the simultaneaus growth of several films under stirring are
necessary, and designs discussed by Scheel and Schulz-DuBois (1972)
are shown diagrammaticaily in Fig. 8.9. In the version shown in Fig. 8.9(a),
TAilLE

8.2. Solution Composition for LPE Growth of Magnetic Garnets
Ratio

Recommended values (Blank et nl., 1972)

Fe,0 3 : R,Oa
Fe,0 3 : Ga,O, (or AI,O,)
PbO: 8,03
Garnet: Total solution
Er: Eu in Er, __,Eu_,Fe, ,Ga 0 ,0 12

14-25
6-16
15-6
-0.08
1.7-3
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FIG. 8.9. Rotating substrate holder (a) with slightly inclined substrates, (b) with
vertical substrates (after Scheel and Schulz-DuBois, 1972) .

the wafers are held at a small angle to the horizontal in order to facilitate
wetting by preventing air bubble formation during dipping and to make
possible complete drainage of the solution . If the clamps are flat, the
substrates may be withdrawn from the solution without adhering droplets.
The clamps should be of minimum thickness in order to avoid irregular
ßow patterns. A drainage hole is provided to prevent trapping of th e solution in the hollow region above the substrates. The rotable substrate holder
should be made of a platinum alloy containing not more than 5% of
rhodium (for increased strength) in the case of oxide layer growth. For
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semiconductor growth, the substrate holder would be made from graphite.
Stirring has been used in the apparatus of Lorimet al. (1973) who used
two ,·e rtically mounted GaP wafers on a holder moved over 30° in an
oscillatory motion.
Figurc 8.9(b) shows an alternatiYe Yersion in which the substrates are
mounted in a ve rtical position. The turbulence introduced on rotation
will be minimized if several ,,afers are supported araund the periphery
of the holder so that its circumference is almost circular. The advantages
of the simultaneaus preparation of a batch of devices instead of single ones
are ob,·ious for applications in research and industry. t
Giess et al. (1972) used a singlehorizontal rotating substratc dipped into
a supercooled melt in order to grow bubble garnet films. The wafer is held
against a Aat platinum base by a number of platimun tabs bent over the
edges of the wafer.
Prior to immersion in the solution, the wafer is heated to a temperature
close to that of the liquid. During this preheating it is necessary to protect
the substrate from attack by the Aux vapour. Rotation is maintained during
growth but is stopped as the wafer is removed; when the wafer has cleared
the melt surfan:, rapid rotation at about 1000 r.p .m. is uscd in order to
rcmove any droplets of solution which may be adhering to the surface.
The holder may be withdrawn from the furnace extremely rapidly and
cooled to room tcmperature in about 3 min, apparently without cracking
or similar damage to the film. The concentration of Iead from the Aux was
in the range 0.2- 3.0 wt % , increasing with the growth rate. Film thickness
uniformity "·as within 2 x 10 - 5 cm, or 2% for a 10 J.LI11 film, and the composition was found tobe uniform across the film.
Several films can be produced from the same melt, the depletion of
solute due to film growth being offset to some extent by solvent evaporation.
The process is now controlled by an automated system which permits
accurate control of the time during which growth occurs. The operation
of apparatus over extended periods and the resulting reproducibility of
film parameters haYe been discussed by Stein ( 1974 ).
Hiskes and Burmeister (1972) proposed the use of a BaO/BaF 2 /B 2 0 3 Aux,
\\·hich has a much lower volatility than the Pb0/B 2 0 3 Aux . An additional
advantage of the barium Aux isthat the Baconcentration in the garnet films
was some t\vo orders of magnitude lower than the Pb concentration found
\\·hen the Iead Aux was employed. The magnetic properties and defect
densities were comparable to those of films grown from Pb0/ B 2 0 3 , but the
lattice parameter and optical absorption exhibited marked differences
(Hiskes and Burmeister, 1972). The high surface tension of these Auxes is

t The simultaneaus growth of films on several horizontal substrates mounted in
a vertical stack has been achieved in various laboratories.
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an important disadvantage (Elwell et al., 1974) since the solution is
difficult to remove from the film after it has been raised out of the
liquid.
8.4.3. Sliders
Sliders are boats, normally of graphite, in which a small volume of solution
is transported by the lateral movement of a graphite plate. The initial
development of sliders resulted from the requirement to remove a11 traces
of excess solution from a semiconductor film fo1lowing growth.
The earliest form of slider appears to be that of Rosztocy (1968), mentioned in the review of Casey and Trumbore (1970), the operation of which
is i11ustrated in Fig. 8.10. The initial homogenization of the solution and
the epilayer growth is by a conventional tipping procedure, as shown in
Fig. 8.10(a) and (b), except that the substrate is held in a recess with its
surface Ievel with the base of the boat. When the boat is tilted to terminate
growth, as in (c), the movement of the sliding section wipes the solution off
the surface of the film and confines the residual solution in a region weil
removed from the wafer. Panish et al. ( 1969) described a slider used simply
to remove any oxide layer from the surface of the solution prior to thc
introduction of the seed.
Sliders also have the advantage that they are particularly suitable for the
deposition of multiple films as required for single or double heterostructure
Iasers. In the version described by Panish et al. (1971), tipping is used to
Silica
weight

Solution

~~

Graphite

Substrate

(a)

(b )

(c)
FIG.

8.10. Slider used to move:solution in tipping process (Rosztoc y, 1968).
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move successively threc solutions containing Ga 1 _xAI ""~.\s with different
dopants oYer a single substrate so that p-type laycrs of different composition
arc deposited on an n-type substrate. The time of contact can be extremely
short so that very thin layers may be deposited. In the alternative design
of Hayashi et ul. ( 1970) a push rod is used so that the boat remains in a
horizontal position during growth . Continuous cooling at 1- 3°C jmin \Vas
uscd for the deposition of multiple Ga 1 _.rAl xAs layers and films of thickness
1- 3 f-Lm (apart from the initial 1ayer) were deposited in a time of only 15
seconds .
.\ sliding shutter was cmployed by Andre et al. (1972) in the LPE growth
of Ga 1 _,AI,.As. The shuttcr covered the wafer prior to growth of the
epilaycr and \\·as used only as a means of initiating growth.
Blum and Shih (1972) dcscribed an improved form of slicler which is
illustrated in Fig. 8.11. The solution is contained in a cavity in plate 2,
which is helcl in position by the weight of plate 1. After equilibration with
the sourcc material, the solution is moved to a position over the substratc
by displacement of plate 2, and an cpitaxial layer is grown by cooling the
furnacc. \Vhen a layer of suitable thickness has becn grO\m the solution is
returned to its original position and any solution on tht: surfat:t: of tht: layn
is \\·iped otf during thc displacement. Suitable dopants for subscquent
laycrs may be introduced into the solution by displacement of platc 1.

!OP P!..-\ i I.

Ftr;. R.lt. :\pparatus with two sliding plates (ßlum and Shih, 1972).

The slider is located in a vertical temperature graclient with the substrate
cooler than thc solution, but the temperature is constant in the horizontal
direction. In the growth of Ga 1 _,..\lxAs fiJms on a GaAs substrate the
variation in thickness <lCross the film was ± 6% , ancl the reproducibility
between different runs was within ± 8% . A modified version of this
apparatus was used to prepare four wafers each 2 cm 2 in area on one wafer.
High-quality light-cmitting diocles were macle by clepositing a p-type
Ga 1 _.rAI,As Iayer on a p-type GaAs substrate prior to deposition of the
n-type laycr to form the diode.
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A further development was described by Lockwood and Ettenberg
( 1972) in which a vcry small volumc nf solution containing the appropriate
dopant is used for each laycr. The GaAs source material floats in each
compartment on a layer of solution about 0.2-1 g in weight and 1 mm in
thickness. A quartz glass rod and graphite spacer are used to cover the
solution, and so this design should have the advantage of low volatilization
as weil as the stability expected from the use of a thin layer of solution.
Bergh et al. (1973) have proposed design features of a commercial
system for LPE growth using slider arrangements and thin solvent "aliquots". The quality of the substrates and the amount of dopant rather than
the degree of constitutional supercooling were found to affect the usefulness of the layer.
8.4.4. Other methods
Woodall (1971, 1972) has developed apparatus for the growth of very thin
layers of Ga 1 _xAi xAs for application in heterojunction Iasers and which
avoid the use of mechanical wiping on termination of growth. The wiping
may result in darnage to the epilayer if too high a pressure is applied, or to
imperfect wiping of residual solution if thc pressure is insufficient .
In the earlier version (Woodall, 1971) growth is terminated by rapid
isothermal transfer of the substrate from the solution, or into a solution of
different composition, by rotation of a central cylindrical substrate holder.
In the outer region of the graphite crucible are located two annular regions
containing respectively the solution used for deposition of the epilayer and
a second solution which will normally contain a low concentration of solute
if a single film is to be grown. Alternatively the second solution may be a
saturated solution of different composition, and continued slow cooling
with periodic transfer then used to prepare multiple heterojunction films.
One disadvantage of this apparatus is that a small amount of solution is
transferred with the wafer as it is rotated from one solution to the other.
In the later version (Woodall, 1972), which is shown in Fig. 8.12, the
substrate is supported horizontally in a recess in part b, which is situated
immediately below part c which contains a cavity of cross section slightly
!arger than that of the substrate. Part a is an outer crucible which contains
b, c and also part d in which are located separate cavities containing the
solutions. The location of the GaAs source material is shown at e, while f
is a quartz glass tube used for the addition of a dopant during the growth
cycle.
In operation, b and c may be rotated from one melt to the other. If the
temperature is lowered continuously with the wafer in contact with one
or other of the melts, growth occurs as in the conventional tipping process.
Alternatively the substrate may be rotated to a position between the
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Frc. 8.12 ..-\pparatus for substrate transfer between two solutions by rotating of
centrat holder (Woodall, 1972).

solution chambers and cooling promoted so that deposition occurs from
a very small volume of solution. A third possibility is that the substrate is
rotated alternately between two melts of different composition. Growth
occurs as a small volume of Ga(Al /As solution, which is transferred with
the wafer, is mixed with a second solution in equilibrium to produce a new
supersaturated solution. This technique is termed isothermal solution
mixing by Woodall and its principle may be understood with reference to
Fig. 8.13. This diagram shows the portion of the Ga(Al (As phasediagram
in the Ga-rich corner. Points A and B represent two compositions on the
same isotherm at which solid and liquid phases are in equilibrium. If
liquids of these compositions are mixed, the composition will lie along the
straight line joining :\ and B and the resulting composition will bc in the
supersaturated region, below the equilibrium liquidus curve.
In the preparation of very thin layers, the second method appears to
offer the greatest advantages and vVoodall ,,·as ablc to prepare linear
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F1 c . 8. 13. Phase diag ram of Ga/ Al/As at Ga-rich co rn e r sh o" ·in g c rca ti on o f
supersaturati on by iso the rm al solutio n mixin g.

superl atti ce stru ctures of peri ods as low as 0. 1 fLil1 by success i1·e d epos iti on
from two so luti ons of different compos iti o n. An exampl e of such a supc rlattice stru cture is g iven in Fi g. 8.14, whi ch shows a sca nning clectron
mi crograp h of a secti on throug h a Ga 1 _""AIJ.As la ye r. Th e 1·olu mc of m elt
in conta ct with th e laye r ma y be co n veni entl y va ri ed by chang ing th e
thi ckness of th e space r C, 11·hi ch m ay b e u sed as a m ea ns of varyin g th e film
thi ckn ess.
Th e d epositi on of thin laye rs u sing a s m all Yolum e of so luti on 11·as also

F Jc . 8. 14. Scannin g elec tron mi crog raph of supe rl atti ce stru cture o f Ga 1 _,.-\I _,. A s
films (Woodall , 1972).
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im·estigatcd by Panishand Sumski (1971) using thc simple method shown
dia g rammatically in Fig. 8.15. Th e pair of wafers are separated by etching
one wafer to producc small feet or shims of thc dcsired thickncss. Thc
wafers arc hcated by a carbon strip heater having water-cooled electrodes
and any oxide on the outer surface is removed by a ftow of hydrogen wh en
thc temperature is above 800°C. The solution is introduced by capillary
Aow from a small drop on the end of a micromanipulator. A solution is
formed by contact between the drop and the GaAs rod but wetting is

GaAs

Ga

J

:X:=:~GoAs
Spacers

FI< ;. 8.1 3. Appara tus fo r epilayer growth by temperaturl' gradient transport in a
thin la~Tr ofsolution (l'anish and Sumski, I 'J71 ).

found to occur only if thc solution is unsaturated. Growth occurs by
transport from the hotter to the cooler wafer in the temperature gradient
and abruptjunctions may be obtained.
Popov and Pamplin (1972) described a method for the dcposition ofthin
layers using a VLS method with a thin zone of solvent which is made to
move across the substrate by the travelling solvent method.
8.5. Growth-Rate Controlling Mechanisms in LPE

In addition to th eir practical significance, LPE experiments have also
provided some of the most interesting measurements of grovvth rates under
carefully controlled conditions. LPE gro"v\'th of semiconductors to date
appears to have been carried out mainly in unstirred crucibles and at
rather high supersaturation, so that it is reasonable to assume that the
growth rate will be controlled by solute diffusion. Mitsuhata (1970) gave
expressions for the growth and etch-back in terms of the solubility data
and temperature programme assuming a homogeneaus solution and his
results suggest that volume diffusion is rate-determining. Diffusive transport has been assumed to be the rate-controlling factor by Small and
Barnes (1969), by Minden (1970) and by Ghez (1973). Crossley and Small
( 1971) applied numerical methods to calculate the rate of etch-back and
growth and interpreted data for both tipping and dipping experiments
from a number of laboratories. Boundary layer diffusion was found to give
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the bestfit to the expe rimental data for the vertical dipping geometry, with
growth rates of 511- :\00 A ~ - · and houndary laycr thicknesses in th e region
of 0.5 mm. With the horizontal tipping geometry bulk diffusion gavc a
better fit, and in both gcometries allowance was necessary for nucleation
within th e solution, particularly at the higher cooling rates . The authors
concluded that solutal convection had a major effect on the dipping systems.
With the relatively short growth periods, limited melt volumes and rapid
coolir.g rates used in LPE, steady state conditions will not be realized in
the majority of experiments. The instantaneous growth rate will therefore
deper,d upon the previous temperature programme, and average growth
rates cstimated from the total layer thickness and the duration of cooling
may ciffer appreciably from the maximum value. Examples of the expected
variation with time of the depositionrate are quoted in the above references
and by Tiller and Kang (1968). Moon and Kinoshita (1974) find that the
film thickness varies as A dTfdt t 312 + B, where A and Bare constants; the
term B depends on the initial transient. The diffusion coefficient for GaAs
in Ga was found tobe about 3 x 10- 5 cm 2 s - • at 700- 900°C.
Since it is difficult to obtain information on the interface kinetic mechanism by growth rate measurements in LPE growth of semiconductors, the
main evidence for the kinetic process is provided by observations of the
surface features. Most of the epilayer growth described in the Iiterature is
on substrates of high dislocation density and the resulting films frequently
exhibit irregularities such as corrugations and cusps, although very flat
areas :nay be present on the same films. I t appears likely that the substrate
should be considered as a rough surface with nucleation occurring randomly rather than at screw dislocations. Evidence for this conclusion is
provi ded, for example, by Vilms and Garrett (1972), who found that cusps
on the surface did not correspond to dislocations in the substrate. The
surface features observed under normal conditions of film deposition will,
howeYer, depend on the substrate perfection and flat films aretobe expected
on films free from etchable defects.
Of vital importance to the performance of semiconductor junction
deYicts is the profile of the dopant and problems might be expected from
compound formation or complexing between the dopant and the solvent.
However, simple theoretical models appear to be appropriate for estimates
of the dopant distribution. As an example, Andre et al. (1972) were able to
account for the aluminium distribution in Ga 1 _"'"'\l xAs Iayers by the
assumption of a regular solution in the gallium solvent and an ideal solid
solution between GaAs and A!As. Complications will arise if a dopant
undergoes appreciable diffusion in the solid at the growth temperature,
as in the case of Zn in GaP (Peaker et al., 1972). It should also be noted
that Jordan et al. (1973) reported that Te doping in GaP was found tobe
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lower than expected from the equilibrium value, and an interface Iimitation
was postulated to explain results for oxygen doping.
Growth-rate measurements on magnetic garnet films by LPE have been
reported by Giess et al. (1972), Blank and Nielsen (1972), Blank et al.
(1973) and Knight et al. (1974). In each case growth occurred by dipping
into supercooled melts and the growth rate was detcrmined as a function
of the rotation rate, or of time in unstirred melts. The measured grovvth
rates depend strongly on the substrate rotation rate w, and the data of
G iess et al. ( 1972), Blank et al. (1973) and Knight et al. ( 1974) indicate a
linear dependence of the growth rate "'' on w 112 , provided that a correction
is made for the growth prior to the establishment of steady state
conditions. The inAuence of the interface kinetic mechanism is not
appreciable except at rotation rates above 160 r.p.m. where the rate of
soh1te Aow by diffusion becomes relatively rapid. Using the Burton, Prim
and Slichter ( 1953) approximation for the boundary layer thickness, the
data of Blank et al. give a solute diffusion coefficient between 9 x 10 - i and
6 x 10 - 6 cm 2 s- 1 for different temperatures and supercooling. A plot of
z·w - 112 ursus "'· 11'" (Eqn 4.21) ga ve a more nearly linear variation for m=2
than for m = 1 but thc range of Yalues of 7' and w is insuffici ent for this
result to be interpreted with confidence, and additional uncertainty is
introduced by the effect of the initial transient. The data for zero rotation
rate (Fig. 2 of Blank et al.) indicate a value of D = 7 x 10- 6 to 3 x 10 - 5
cm 2 s- 1 if th e Carlson (1959) expression is used for the boundary layer
thickness, with the solution Aow velocity estimated at 0.1-1 cm s- 1 •
Ghez and Giess (1973) extended the data of Giess et al. (1972) and
performed a detailed analysis of results in the transient regime and in the
steady state. Their data also indicate that the growth rate is primarily
limited by solute diffusion although evidence is presented for a kinetic
Iimitation of the growth rate. A correction to the observed data is required
because of the effect of a non-uniform Iead impurity on the refractive index,
so th at a film of thickness 0.62 ,um ( as determined by SEM) had an apparent
thickness of 0.74 ,um by optical measurement. The authors subtracted a
value of 0.12 ,um from all measured thicknesses, but this procedure is not
valid for very thin films, and a more accurate interpretation is likely if the
data points are multiplied by the ratio 0.62/0.74. With this amendment a
plot of "'·w - 112 versus v 11"' from Fig. 1 of Ghez and Giess (1973) gives a
linear variation for m = 1, but also gives an approximately linear relation
for m = 2. The analysis of Ghez and Giess assumes a first order reaction,
but more data are required before the order of the kinetic process can be
determined with confidence. Additional evidence for a partial kinetic
Iimitation of the growth rate is obtained from a plot for growth at zero
substrate rotation of the thickness h ursus t 112 , which has a small negative
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intercept on the t = 0 axis. With the correction mentioned above, the
intercept has a value of about 0.06 J.Lm. This value is probably significant
in Yiew of the care taken in these experiments to achieve a reproducible
process with accurate determination of the time for which the substrate
is immersed.
With the modi.fied correction for the refractive index, and assuming a
first order kinetic process with v = C(n;- n.), Ghez and Giess' data for
rotating substrate gives D=6 x 10- 6 cm s- 1 and C=3 x 10- 2 cm 4 g- 1 s- 1 •
(The Supersaturation is taken to be 0.032 gcm - 3 , in agreement with the
phasediagram of Blank and Nielsen, 1972.) The unstirred melt data give
D = 3 x 10- 6 cm 2 s- 1 and K = 1 x 10- 3 cm s- 1 • The mean value of C corresponds to a growth rate of 20,000 A s- 1 for a 1% supersaturation at thc
interface, which is very rapid compared with growth on a habit face .
Knight et al. (1974) introduce a termlinear in time to the expression for
the film thickness to correct for growth due to convection in the unstirred
case and find a value of (5 ± 1) x 10- 7 cm 2 s- 1 for the diffusion coefficient
at about 850°C. This value for D is in good agreement with that obtained
for growth on a rotating substrate, where the correction due to growth
prior to establishment of th e boundary layer is relatively minor.
The data quoted are in substantial agreement in that they demonstratc
the dominant effect of solute diffusion. The discrepancies in the calculated
values of the diffusion coefficient probably reflect the inevitable problem
of correcting for the initial transient, in addition to differences in interpretati on. The values found for the diffusion coefficient are rather low in
relation to values for alkali halides but this is not unexpected for the
diffusion of complex ions. Knight et al. (1973) estimate the radius of the
diffusing species tobe about 2.8 A.
It is clear from the above data that the interface kinetic process is
extremely rapid and nucleation may be expected to occur uniformly over
th e whole area of substrate. LPE deposition of garnet films differs from the
growth of bulk garnets in that the growth normally occurs in the fast (111)
directions rather than on the { 110} or {211} habit faces. As in LPE growth
of semiconductors, it appears that screw dislocations are not necessary for
growth on { 111} substrates. The energy required for the generation of
dislocations is, in fact, very high in the garnets and substrates are often
dislocation-free (Brandle et al., 1972). Defects in the substrates which give
rise to etch pits are normally inclusions, for example of iridium from the
crucibles used for Czochralski growth, but Plaskett ( 1972) claims that such
defective regions do not give rise to preferentiallocal growth.
The use of time markers in growth rate studies has been applied to
LPE growth by Kumagawa et al. (1973) and this technique is likely to Iead
to improved understanding of the growth process.
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Thc incorporation of impurities such as Pb and the composition of solid
solution garnet films are governed by the same principles which are described for the growth of bulk crystals in Section 7.1.3. An additional factor
\Yhich may affect the composition as weil as the grO\\"th rate is the lattice
parameter mismatch between film and substrate and different considerations will apply in many cases according to whether the film is in tension
or in compression. (See, for example, Plaskett et al., 1972.) Giess et a/.
( 1972) noted a tendency for the effective distribution coefficient of gallium
to change with time at constant growth rate and constant temperature, and
th is may be due to the transition from hetero-epitaxial growth in the initial
stage to homoepitaxial growth as the thickness of the deposited film increases. A rapid variation in Iead concentration across the films has been
confirmed by Robertson et al. (1974). A gradation in lattice parameter or
other properties across the film-substrate boundary is to be expected on
some scale, even if this is difficult to detect, for all epilayers and this
variation must be considered in interpreting results on epitaxial film gro\\th.
8.6. Important Factors and Future Trends
In this section an attempt is maJe to specify those aspects which are of
greatest importance in the preparation of high quality, uniform, homogeneous epilayers with a high degree of reproducibility. As with all
statements on crystal growth processes, generalizations are dangerous.
Also there may be overriding economic factors which influence a decision
in favour of some particular technique or procedure.
A factor which is stressed throughout the Iiterature of LPE is the
importance of cleanliness in the preparation of the substrate and holder.
As an example of the necessary precautions, Giess et al. ( 1972) clean th e
substrate and holder, after mounting, in Alconoxt alkaline solution for
15 min. at 80°C. The holder is then rinsed in deionized water, boiled in
deionized water for 15 min. and finally rinsed with a jet of ethanol. According to Blank and Ni eisen ( 1972), defects arising through handling of thc
substrate are amongst the most troublesome in garnet film preparation,
and transfer of the wafer from the polishing stage to the furnace should
occur under clean conditions which may be obtained by the use of laminar
air flo\\- cabinets .
Cantamination from the crucible must be avoided in semiconductor
preparation where low impurity concentrations are vital for device performance. This problem has been considered particularly by ·w olfe and
Stillman (1971 ), who refer to studies using both graphite and silica crucibles
for the growth of GaAs. Silicon contamination in the latter case was studicd
in detail by Hicks and Greene (1971 ).
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Similarly, cleanliness in the growth atmosphere is essential. The
observation by Vilms and Garrctt ( 1972) of contamination of semiconductor films resulting from air leaks has already been mentioned in
Section 8.4.1. Dean et al. (1968) found that silicon contamination of GaP
from Ga solution could be reduced by adding water to the hydrogen gas
stream.
Substrate preparation is also of fundamental importance. In the case of
semiconductors, many surface treatments have been used but a standard
procedure has been adopted by most workers which comprises lapping,
mechanical polishing and chcmical polishing with a solution of 1% bromine
in methanol. However, Vilms and Garrett followed this procedure by
successively immersing the substrate in concentrated HCI, rinsing in
water, drying in nitrogen, immersing in concentrated H 2 S0 4 followed by
H 2 SÜ 4 with H 2 0 2 , and finally rinsing in hot water and drying.
GaAs and GaP substrates differ from the garnet substrates used for
bubble films in that they often contain a high density of dislocations,
introduced either during growth or during the subsequent cutting and
polishing. The surface darnage may be removed by the chemical polish
but the residual dislocations will affect the layer growth and probably the
deYice performance. Ladany et al. (1969) noted a reduction in the dislocation density from 5 x 10 5 cm - 2 in the substrate to 5 x 10 4 cm - 2 in the epilayer, and found a dependence of the efficiency of light emission on the
dislocation density. Sau! ( 1971) demonstrated a reduction in the dislocation
density by etching back the wafer during growth (in addition to an initial
etch-back of the substrate) since the crystal-solution interface provides a
source of point defects which are required for dislocation mobility. It is
not clear, however, how far this reduction in dislocation density may be
taken by repeated growth and dissolution cycling. Queisser ( 1972) has
proposed that it is the movement of layers along the surface in the earliest
stages of growth which Ieads to the annihilation or termination of dislocations.
Generally etch-back of the substrate is to be avoided in hcteroepitaxial
growth since it will Iead to a graded film composition. It would appear very
desirable in LPE growth of the III-V semiconductors to improve the
growth and handling of substrate crystals so that dislocation-free wafers
could be produced for routine device fabrication, and the etch-back stage
eliminated. According to Rozgonyi and Iizuka (1973), it is decorated
dislocations which are important in affecting luminescent properties and
these occur only when another type of defect (called a saucer or S-pit) is
present.
In the growth of magnetic garnet films it is clearly established that
substrate dissolution is undesirable, which is one reason for the choice of
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supncooled melts with growth at relatively high supersaturation. Substrate
prcparation normally consists of mechanical polishing using diamond grit,
foiiO\·\·ed by Sytont polishing. Robertson et al. ( 1973a) have suggested an
alternative procedure which involves the deposition on the sawn slice of a
homoepitaxial layer following an initial etch-back of the slice in thc high
temperature solution. A saw blade of good quality with internal cutting
cdgc is rcquired for slicing the wafer but this procedure is otherwisc very
rapid and convenient compared with lapping and polishing since the
substratc can be easily transferred between adjacent furnaces for deposition
of the magnetic garnet layer. These advantages may, howcver, be offset
by a reduction in film uniformity (Nielsen and Blank, private communication). Glass (1972) has shown that LPE films greatly enhance surface
scratches in the substrate.
Attack of the substrate by the flux vapour is possible if it is held for
seYeral minutes above the solution, particularly if the solvent has a relativcly high volatility, and this etching results in a deterioration in film
uniformity. Giess et al. (1972) found it necessary to pre-heat the substrate
in a shielded enclosure prior to immersion in the solution, rather than in
thc furnacc immediatcly abovc thc solution, othcn,·isc somc ctching by thc
,-apour \\·as observed.
Onc question which is not normally discussed in the Iiterature is the
accuracy of substrate orientation. Thc sensitivity of the growth rate and
surface topography to orientation has not been established and slight
misorientations in cutting and polishing may account for some of the
scatter in experiments aimed at assessment of the reproducibility of a
technique.
Reproducibility, film uniformity and homogeneity are extremely important criteria, particularly as regards device production, and these
parameters will have a very strong influence on the technique which is
preferred for large-scale production. Of the results reported in Section 8.4,
dipping has given good results for garnet films, particularly if rotation is
used, and the sliders have given good results in terms of reproducibility
and thickness uniformity for semiconductor epilayers. An important
rescrvation which must be expressed about slider techniques is that
homogeneity is unlikely to be achieved across any film grown by slow
cooling. I f homogeneity is of importance to the device performance a
ste.tdy-state method is desirable, and growth on a rotating substrate by
temperature gradient transport (see Section 7.1.2) is recommended.
Since nucleation occurs uniformly across thc surface of a film, it is
particularly important to cnsurc homogencity both of temperatun: and of
sobtc distribution over the surface, otherwise more rapid growth is likely
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to occur at the film edges (as discussed in Chapter 6). Stirring the solution
will Iead to more uniform layers, so lang as turbulence with non-uniform
flow patterns is avoided. If a single substrate is used, a horizontal position
is more favourable but has the disadvantage that solution droplets tend to
adhere to the surface after removal from the liquid. These may be removed
by rapid rotation of the wafer following withdrawal, but draining of excess
solution will occur more readily in the substrate holders shown in
Fig. 8.9.
Assuming that a uniform layer of solution is achieved during growth,
thc major problem remaining isthat of avoiding a supersaturation gradient.
The possible techniques are to use a very thin layer of solvent or to apply a
stabilizing temperature gradient. Longo et al. (1972) have reported major
improvements in film quality on mounting the substrate in contact with a
heat sink through which cooling is achieved by a flow of air.

Future trends. The requirement of reproducibility and close control over
the properties of the epilayers will require increasingly precise control over
substrate preparation, growth temperature and duration and indeed of all
paramctcrs which affect the film growth. Thc very !arge potential market
for such devices as low current LED display arrays will ensure continuing
interest and development in this field. Additional semiconductor devices
such as solar cells (Hovel and Woodall, 1973) will be produced by LPE.
Practical production of any device will require techniques for the
preparation of multiple films and for the deposition on !arge area substrates.
Experimental techniques must be concentrated on the development of
batch processes for the simultaneaus production of many films, once
conditions for growth of a single film have been established. Large-scale
production will require the development of apparatus for automatic
production of devices, preferably by a continuous flow process, and design
proposals for such a system have been described by Bergh et al. ( 1973).
Further development is necessary of techniques for the reproducible
prcparation of very thin layers, of thickness in the region of 100 A, for
devices such as heterojunction Iasers. In addition to the devices mentioned
above, the growth of high quality films by LPE is certain to Iead to the
deYelopment of completely new devices, and investigations are taking place
at prcsent of optical devices and of novel magnetic applications of epitaxial
films. For example, thermomagnetic recording has been discussed by
Krumme et al. ( 1972), and a review of Bi-substituted garnet films for
modulation and storage of information has been given by Robertson et al.
( 1973b ). I ntegrated thin film optical systems have been discussed by Tien
et al. ( 1972), and Iaser action in Y3 Al 5Ü 12 films by van der Ziel et al.
(1973).
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9.1. Necessity of Crystal Characterization
It is obvious that there are no ideal crystals in reality and all crystals grown
by any technique contain some defects, impurities and inhomogeneities.
Most of the physical properties aresensitive to the deviation from ideality,
thertfore generally the characterization of the grown crystals is a necessity.
The results of a careful characterization should be published along with
any crystal growth results and with any physical measurements on the
crystals. However, in the words of Holtzberg (1970) "There are too many
examples of very sophisticated measurements on poorly characterized
materials, leading to complex and incorrect theoretical analyses". Schieber
recently mentioned in a review talk on Trends in Materials Research that it
will be up to our children and grandchildren to repeat a number of physical
measurements we are doing now, but on highly characterized crystals.
Several years ago Roy (1965) tried to draw attention to the characterization
problem, but still nowadays papers on measurements of physical properties
of solid-state materials are published which are of little value because of
the partial or complete absence of characterization .
Frequently in physical publications the only "characterization" given
of the crystal used is its source (name of company or of the crystal grower),
but this is insufficient except when reference can be given to a detailed
published characterization ofthat crystal or of the corresponding batch of
crystals.
A full characterization of a material or a crystal is very time-consuming
and needs a !arge instrumental effort, which is why characterization by
both crystal growers and crystal consumers is often left to the other party.
ldeally characterization should be performed by a specialist group, but
470

9·

CIIARACTERIZATION

such groups arc available only in a very few universities and in a few !arge
government and industrial research laboratories, since the instrumentation
for thc modern physical characterization techniques is very expensive.
The reliability, precision and speed of chemical, structural and defect
characterization by physical techniques can be enhanced significantly by
computer-based Iabaratory automation. For instance at IBM research
laboratories at Yorktown Heights (New York) and San Jose (California) a
medium-size computer controls on-line a number of characterization
cxperiments (simultaneously \vith other physical measurements and with
crystal-growth experiments), processes all data and presents thc rcsults as
tables, plots or as graphs on display units.
\<\lho is responsible for characterization? Reporting on a workshop discussion on magnetic materials, \'Volf (1970) proposed that 75 % of the
responsibility for crystal characterization should be that of the "crystal
chemist" and 25 % that of the "consumer" . This division of responsibility
is perhaps too closely defined and the ratio should rather depend on
whether it is the crystal grower or the consumer who most benefits from
the crystal synthesis and who publishes results of either crystal growth or
physical measurements.
Not only the physicist, but also the crystal grower should be most
intt.:rested in characterization of the crystals grown. It is important to
correlate the quality of the crystal with the growth technique and the
growth parameters. The demand for crystals of the highest quality is
increasing, and only systematic characterization enables the crystal grower
to optimize the growth parameters in order to obtain better crystals.
A great stimulus to careful crystal growth and characterization work
would be if thc scientists responsible for these activities were to participate
in some of the "physical" publications, since frequently the effort required
to grow and characterize crystals is much !arger than that for the physical
measurements. In several research establishments joint publications of
physicists, crystal growers and analysts have become routine, and this is
to thc benefit of all participants and of the results.
There are several definitions of "characterization", t but in the follo\ving
Jiscussion the definition is meant to include the full chemical and physical
description of a material which is obtained from a whole spectrum of
techniques. A single crystal may be characterized by a description of its
chcmical composition, of its structure, of its defects, and of the spatial
distribution of these three features. A full characterization shoulcl also
include determination of electronic and excited states of the chemical
constituents of the material. In addition, the results of many physical
measurements can assist in a full description of a specific crystal. However,

t Frequently the term "appraisal" or "evaluation" is used with a similar meaning.
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physical properties alone of a given crystal cannot sufficiently characterize
a crystal. Even a set of various physical properties will not allow the
unequivocal identification of a material except for elements and some
simple compounds. Chemical and crystallographic data are obviously
preferable for the identification of a material.
An excellent review on characterization and on the potential, the sensitivity and the accuracy of the various characterization techniques has been
compiled by a Committee on Characterization of Materials, Materials
Advisory Board, National Academy of Sciences, Washington D.C., 1967
(Report AD 649 941 ). It is hoped that the recommendations in this report
will be increasingly observed. On the other hand, a revised edition taking
into account the more recent developments in characterization techniques
would be beneficial if widely distributed.
A book on characterization of the semiconductor materials Ge, Si and
Ill-V compounds has been written by Kane and Larrabee (1970), and
many aspects of characterization are reviewed in Vol. 1 of Treatise on Solid
State Chemistry edited by Hannay ( 1974 ).
In the following sections the factors necessary for a description of the
chemical composition, structure and dcfects of crystals will be reviewed
and the corresponding characterization techniques described . Further
sections deal with the growth history as it can be deduced from characterization techniques, and with the determinationandremoval of inclusions.
The final section is devoted to a proposal of a standard characterization
procedure which, possibly in a modified form, could be taken as a requirement for experimental physics and crystal-growth papers to be accepted
for publication in appropriate journals of high standard.
In this chapter we mention well-known techniques only briefly since
they are described in many textbooks, and concentrate on new techniques
and on recent developments in classical methods as weil as on a few
potentially important characterization techniques. This chapter is relatively
long but we believe a detailed treatment is justified by the great importance
of the (so often neglected) characterization.

9.2. Chemical Composition and Homogeneity
The determination of the chemical composition of a (single-phase) crystal
may be separated into three problems, which may require different techniques. The first is a measurement of the concentration of the major
constituents, with an accuracy which is sufficiently high to permit any
significant departure from stoichiometry to be detected. Secondly, any
minor impurities which are present in "trace" quantities must be cletected
and their concentration measured. The third problern is the determination
of any inhomogeneities or striations of the major constituents or of the
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traces. Frequently the determination of the ,·alence state of the ions in
polar compounds might bc of intcrcst and rcprcscnts a further problcm
particularly when elements with multiple valence states, such as many
transition and rare earth elements, are involved.
Another approach to the classification of characterization techniques is
by the sample preparation necessary. Table 9.1 lists the various techniques,
T ABLE 9 .I. Characterization of Chemical Composition
Sampie preparation

\IIATERIAL (CRYSTAL)--;.

.-\nalytical techniqu e

Nondestmctit·e methods

t
Sampling. grinding,
mixing, surface cleaning

electron probe microanalysis
X-ray Auorescence analysis
neutron activation analysis
optical emission spectroscopy "·ith
Iaser excitation (nearly nondestructi,·e)

SA!\1PLE POWDER - ·

Directmethods ( pon·ders)
optical arc a nd spark emission
spectroscopy
spark source mass spectrometry (for
traces only)

E

"c:

"'

~
(/)

::J

E-

Dissoh-ing in acids or fused salts.
preparation of defined solution

<
c::
<

l

S.-\ 'VIPLE SOLUTIO!\ - -

!I
Separation of constituents

SOLUTIONS OF MAJOR- >
CON~TITUENTS

'
Separation
(and enrichment, pre-

Directmethods (solutions)
Aame emission spectroscopy
atomic absorption
colorimetry }
titrimetry
if no interference
gravimetry
by othcr constituents
coulometry
polarographv
Determination of major constituents
colorimetry
titrimetry
gravimetry
coulometry
polarography

concentrating) of minor constituents
or traces

.

PRECIPITATES OR SOLUTIONS- >
OF TRACES

Trace determinatirm
colorimetry
titrimetry
polarography
coulometry

'<'""""
t.t.

0

E-

C/l

0

u
ü

z

(/)

<
r.rJ
c::
u

z
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separated into classes of non-destructive, direct and non-direct methods.
Non-destructive and direct methods generally require less time per analysis
than the non-direct methods, whereas the cost of the instrumentation for
nondestructive and direct methods is generally very high .
The various chemical and physical techniques for the determination of
composition and of inhomogeneities are reviewed in the Committee on
Characterization Report (1967) . Further generat information on this
subject may be obtained from the books of Kalthoff and Elving (19591972), Wilson and Wilson (1959-1971), Berl (1960), Wainerdi and Uken
( 1971) and Maxwell ( 1968).
The most important techniques which may be applied in chemical
analysis are listed in Table 9.2, tagether with the normal Iimits of sensitivity and average precision. The lower Iimit of quantitative analysis by
several techniques is higher by one or two orders of magnitude than the
sensitivity, because a barely detectable signal cannot be measured with the
necessary precision. The values quoted in Table 9.2 are approximate and
can vary with the element to be detected, and they often depend strongly
on the other major elements present in the crystal. The sensitivity and
accuracy of most analytical techniques arc depcndent on thc type of instrument and on the analyst, as was found by test analyses of standard samples
sent for analysis to various laboratories. A reliable analytical service is
obviously a necessity when the characterization is to be correlated with the
physical properties of a given crystal or material.
9.2.1. Analysis for major constituents
The nature and the concentration of the major constituents have to be
determined when new crystalline phases are synthesized or when solid
solutions are grown. In most cases, however, the major constituents and
their ratio are fixed by the structure type of the material and by the requirement of electrical neutrality in the crystal. Also the stoichiometry of many
crystals grown from high temperature solutions is \·ery good since the
growth temperature is relatively low and does not vary much (relative to
the melting point). Many crystals of the spinel, garnet, perovskite, etc.,
type are often stoichiometric or show very little deviation from stoichiometry. In these cases, when no novel phases aretobe expected, identification by X-ray techniques and often by the habit is sufficient, unless solid
solutions are grown and unless the distribution of the cations on the
various sites and the distribution of their valency states (e.g. in spinels and
in garnets) is not clear. From the many analytical techniques only those
which have a precision of better than about 1% are of interest for analysis
of the major constituents. Nevertheless less accurate techniques are
frequently used.

TABLE

Method

Colorimctry
Titrimetry
Gravimetry
Coulometry
Polarography
Opt. emission
spcctroscopy
Atomic absorption
X-ray fluorescence
Electron microprobe
Mass spectrometry
Neutron activation
Radioactive tracer

9.2. Comparison of Chemical Analytical \ lethous with respect to Sensitivity and Precision
Detection
Iimit
(p.p.m.)

Precision
O'

"'

10- '-10"
-10-10 3
1o•-1o•

0.1 - 10
0.01-1.0
0.01-1.0
major phase 0.001-0.005
10- '-10'
0.1-10
10- 2-10'
1-10

10- 2-10"
10-2.10 2
1o•-1o•
t0 - '-1
10- •-1o - •
10- •-1o - •

1-10
0.1-2
0.5-5
2-10
-1

Determination
of sample weight
nccessary

a
c
c
c
a
b

10(0.1)
10(0.1)
100(10)
10
10
10

yes
yes
yes
yes
yes
yes

a
b
b
a,b
b (c)
b (c)

10
100( 10)
10 3
10(0.1)
10(0.1)
10(0.1)

yes
no
no
yes
yes
no

Destructive
or
Kon-Jestructive

Standardst

most
many
many
most
most
most

D
D
D
D
D
D

most
}Atomic No.

D

:-.;

> 5 - 11
>5

i\lin. sample
\\eight mg.

Elements
detected

all
many
many

!'\
D
!'\
K

t a. standard solutions neccssary, b. intcrnal standards or standard samples necessary, c. no standards ncccssary (but of advantage
for checking).

~
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.,..
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:0

:>

n
-!
m

:0
N
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Of the methods used for the determination of the major constituents,
the classical method of wet chemistry is still the most widely used, although
its importance has declined rapidly as new physical techniques have been
developed. Wet analysis involves the dissolution of the crystal (or its
powder) in acids, fused salts or in conventional fused salt mixturest,
separation when necessary of the various chemical constituents, and the
quantitative determination of the elements by gravimetric, titrimetric or
colorimetric methods (see for instance Kalthoffand Elving, 1961, 19591972; Ringbom, 1963; Gordon et al., 1959; Vogel, 1966; Seel, 1970;
Sandell, 1959; Boltz, 1958; Schwarzenbach, 1957 and Kodama, 1963).
The results of wet chemical analysis are sometimes unreliable, when interfering elements are present. Some elements, such as boron and oxygen,
are difficult or impossible to determine by this method. Apart from problems of interference by other elements, the main disadvantage of wet
chemical analysis is the amount of time required for a quantitative determination. Except for simple routine analyses, the complexity of wet
analysis is such that considerable experience is required before reliable
results are obtained. Perhaps for this reason, relatively few examples of
complete chemical analyses of HTS-grown crystals have been reported,
although there are many examples of results of trace analysis or analysis
of a single component.
Th e value of careful chemical analysis in HTS growth has been demonstrated by in vestigations such as that of Arend and Novak (1966) and of
Arend et al. ( 1969) on barium titanate crystals of the butterfl y twin
morphology. In one example, the composition of a crystal of nominal
formula BaTi0 3 was found tobe
Bao.99Ko.o1 T io. 99F eo.uo.t Ptu.oo60 ~. 988 Fo.ot D o.oo2•

,,·here D denotes an anion vacancy. Of particular significance are th e
rath er high concentration of platinum from the crucible material and th e
replaccment of an appreciable amount of 0 2 - by F - from the KF Aux.
That the Auorine ions are present substitutionally rather than in inclusions
is indicated by the changes in properties of the crystals with time at
ambient temperature, due to hydrolysis. The observation of F - substituted
for 0 - 2 is of considerable importance since Auoride solvents are often used
for crystal growth of oxides. The probability of Auorine substitution will

t Rapid and complete decomposition of a variety of oxide components is achieved
according to Biskupski ( 1965) by fusing the powdered sample at 850 ' C in a platinum
crucible with 2 g B 2 0 3 and 3 g LiF, and by dissolving the product in H 2 SO,.
According to Thilo et al. (1955) alumina and ruby powder dissolve rapidly in a fused
mixture of Na,CO,., Na 2 B,0 7 and KCIO, in the weight ratio 5 : 4 : I. Fusion
techniques in chemical analysis have been reviewed by Bock ( 1972) and by Dolezal
et al. (1968), and pre-molten ftuxes of high purity are commercially available.
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depend critically on the prcsencc of charge compensating ions ,,·hich can
enter the lattice simultaneously.
Coulometry (Lingane, 1958; Taylor et al., 1965; Stock, 1965, is a very
precise analytical technique for major and minor constituents. lt is essentially titration with electrons and therefore replaces the classical titrimetric
methods. In this quantitative electrolytic technique a constant electrolysis
current is applied, which is very convenient, or the electrolysis potential is
controlled very precisely, the latter technique being more selective. The
sensitivity of coulometric techniques approaches the p.p.m. range, and the
precision is of the order of 0.001 to 0.005 % . Its disadvantage is that
solutions have to be prepared as in the wet chemical techniques, and the
necessary steps are time-consuming and might reduce the accuracy if
impurities are introduced.
Polarography (Kolthofl and Lingane, 1952; Breyer and Bauer, 1963;
1\" eeb, 1969) is used for the determin;Jtion of most elements in solution
when an electrolytic oxidation or reduction process can be used. Several
clements in minor or major concentration can be measured simultaneously,
and sensitivities are often below the p.p.m. range. The precision of this
technique for traccs is of the order of 20 % , whereas for favourable concentration ranges it can be better than 1% . A disadvantage of polarography
is that the sample has to be dissolved prior to analysis, and the same is true
for optical (flame) emission and at01nic absorption spectrometry discussed
in the following section.
Optical emission spectrometry is used mainly for trace analysis but can be
used for major constituents. Excitation of the spectrum is achieved by
various techniques according to the nature of the specimen. The flame
(Mavrodineanu and Boiteux, 1965) and d.c. arc were used in most early
experiments and the book of Ahrens and Taylor (1961) is based exclusively
on the d.c. arc. More recently the a.c. arc, a.c. spark (with a higher voltage)
and combinations of arc and spark have been used as sources, and Iasers
have been used to initiate combustion of insulating samples. The important
criterion for accurate quantitative analysis is that combustion of the specimen must be complete and spark sources are normally considered more
satisfactory, especially for metallic samples (Harrison et al., 1963; Harvey,
1964; Nachtrieb, 1950). The main advantage of Iasers over conventional
methods of excitation is that a small volume of a crystal can be vaporized
selectively and the spectrum of the resulting vapour excited by means of an
auxiliary spark source. The region examined may be smaller than SOll in
diameter and 25!-l deep. By this means the distribution of major constituents
and of trace elements can be determined without slicing up the crystals
(Moenke and Moenke, 1966; Snetsinger and Keil, 1967; Blackburn et al.,
1968).
Ql
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Dispersion of the emitted radiation is achieved by prisms or gratings.
The requirements of sensitivity and resolution are diametrically opposed
and Cooper et al. ( 1969) describe the simultaneaus use of three types of
spectrograph, each receiving radiation from an arc. Medium- and largeprism spectrographs were used for elements having lines weil resolved
from those of other elements present, while a grating spectrograph was
used for transition elements and thc actinides because of their complex
spectra.
The spectra are recorded either photographically or with photoelectric
counting systems. Photographie emulsions require careful calibration and
their relative inconvenience has led to gradual replacement by directrecording techniques. For the highest accuracy it is necessary to compare
the spectra for the sample under test with that of a standard material.
The Iimit of detection of optical emission spectroscopy varies bet\\·een
0.3 °/0 for potassium and 0.4 p.p .m. for magnesium, but for 111 <10)' elements
lies between 1 and 100 p.p.m. Optical emission spectroscopy is the subject
of books by Herzberg (1944), Ahrens and Taylor (1961), Clark (196ll),
Harrison et al. (1963) and Sla\·in (1971). Thc cmission spectra can bc
evaluated \\ith the help of computers (Thompson et al., 1969; 1-lelz et al.,
1969).
Almnie absorption spectrometry is a related but newer method which
permits the concentration of a !arge number of elements to be determined
using relatiYely simple and inexpensive apparatus. The precision depends
upon the element considered but can be as high as ± 0.5 % . Thc principle
relies upon the absorption of light at a characteristic waYelength by atoms
in a vapour produced from the sample. The sample is normally dissol ved
and the resulting solution vaporized by spraying through an aerosol into a
Aame or heated graphite tube ..\ spectrometer selects the \raq~Jength
corresponding to the strongest spectralline of the eiemuH and thc decreasc
in intensity on passing through thc \·apour is measurcd.
The absorption is related to the concentration 11 of the element in thc
vapour by the usuallaw
In

I

T = f11ll,
u

where I ., and I are the intensity of the radiation bcfore and after passing
through the Aame respectively, I the path length and f1 the absorption
coefficient. The latter parameter is normally found by calibration using
solutions of known concentration.
A number of light sources are required to cover a wide range of elements.
As with emission spectroscopy, the accuracy is expected to be higher for
elements with relatively simple spectra. The accuracy may be affected by
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inte rference from other elements present, and possiblc causes of intcrfe rencc must be co nsidered in the interpretation of analytical clata. A
detailccl account of the aclvantages ancl limitations of atomic absorption
spectrometry has been gi,·en b y SiaYin ( 1968), ancl other books on the
topic haYc been \\ritten by Ramirez-i\lunoz (1968) ancl Angino and
Billings (1967).
Perhaps the best cxampk of the use of at01nie absorption spectromctry
in the appraisal of I-ITS-grown erystals is the study of the Iead concentration in \arious rare-earth orthoferrites b y Remcika and Komctani (1lJ6R).
Their analyscs for l'b we re considered to be aecurate to \\·ithin 2°., of the
arnount prescnt , \\·hich \·ariccl from !I.OR"., to 13.4"., by \\cight of the
material. The high conccntration of Iead in the heavier rare-earth Orthoferrites would han· a major etfect on the properties of these materials if it
\\Tre incorporated in th e latticc (sec Chapter 3).
_\"-ray jluorrsrrnrr ana~\·sis has bcen used incrcasingl y as a n alternative
analytical methocl a nd has alh·antages of clirectness and conveniencc over
\\Tt chemistry. _\s ma y be seen from Tabl e 9.2, it is one of relati ve ly few
analytical methocls which may be non-clestructi\T, so that analysis can be
pc rformed on th e actual crystal or crystalline la ye r used for a subsequent
expcriment. The crystal is placecl in a strong beam of " " ·hite" X-rays
produ cecl by a heaYy-metal anode, ancl each excitable element in th e crystal
willemit X-rays of its characteristic wavelengths. This fluorescent radiation
is analysecl by a counter spectrometer employing a crystal s uch as sodium
chloride, and the intensity of radiation at a characteristic wavelength is
proportional to th e concentration of th e partietdar element. Th e precision
"hich can be obtainecl in a single analysis is of the order of 5 to 10° :,, but
by routin e proceclures it m ay be reduced to about O.s<' 0 . Such precision
can be achieYed b y forming a composite sample containing some standard
material in addition to th at analysed so th at errors duc to a ditference in
density betwcen the sampk ancl thc calibration standard can bc eliminatecl.
\.-ray Auorcscencc is often carricd out with non-cli s pcrsin.: systcms,
usually attachecl to a scanning elcctron microscope . ReYic\\·s of X-ray
tlu o resccnce spectroscopy ha\e bcen gi,·e n by Birks (1969), _\dl er (1966),
Jcnkins and De \ -ri es ( 196 7), ancl \ '1iiller ( 1972).
F/ectron probe microana(l'sis (EPi\'IA) has been increasingly used, particularly to stucly Yariations in thc concentration of an clement in the region
ncar tlw surfa ce of a crystal. It is probably the most po\\·e rful m ethod for
thc inYestigation of compositional graclients and striations, although
optical methods may be pre ferabk if th e crystal contains only atoms of
low atomic number . As in X-ray tluoresce nce, th e analysis dcpends upon
the cmission by an element of its characteristic X-ray spectrum, but
thc cxcitation in EI';\IA is produccd b y a beam of elcctrons . The great
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ad va ntage of electro n excitati on is th at th e bea m can be focused, and a
spati al resolut ion of less th an 1 J.Lffi is possible with E P MA compared with
> 50 J.Lffi fo r X -ray flu o rescen ce .
A schem atic di agram of an electron probe mi croan alyse r is show n in
F ig. 9. 1. Th e idea was patented by H illi er ( 1947) but th e first instru ment
was constru cted by Cast aing (195 1). T he specimen is m ounted on a stage
whi ch ca n b e displ aced o r rotated, and is obse rved throug h a m icroscope
so that it can be continuously viewed in orde r to se lect a parti cular region
for analysis. An area of th e specim en is usu ally sca nned and an image is
simultaneo usly obse rvcd at a m1mber of wavelength s co rrespo ndi ng t o th e
constitu ent elem ents. Th e inst rument is pa rti cul a rl y powerful if combin ed
with a sca nning electron mi crosco pe and com m ercial in strum ents with
both fac il iti es are avai lable.
As with X -ray fl.u o rescence analysis, th e range of elem ents whi ch ca n be
detected depen ds upo n t he X -ray spectrornete r a nd detecto r, ,,·hi ch a re
difficult to build for very lo ng wavelengths. T he ra nge of elem ents whi ch
ca n be detected is slowly inc reasing a nd instrum ents could be built to
detect all th e elements except possibly h eliu m and hydrogen , b ut in current
comm ercial instru ments th e Iimit is at atom ic numbe r 5 (boro n).

-+-----+-Filament

-----i-

Crystol

Anode

1-"--+-- Condenser lens

Viewing telescope

Dete Gtor

Sconning electrode
: ~--+--

Specimen

F rc. 9.1. E lect ron mi croprobe ana lyzer (d iagram m atic).
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Thc beam cn1ses local hcating of thc sampk which must thercfon: bc
stablc in a ,·acuum at tcmpcraturcs up to a fcw hundred dcgrccs. This
problem is encountered only with insulating samples and can bc o\·ercomc by coating thc surface with a thin layer of carbon or aluminium . This
layer also serv·es to prevent charging of the sample and so stabilizcs the
electron beam.
X-ray intensities can bc determined to better than 1~ 0 but corrections
are necessary in order to achieve comparable accuracy in thc concentration
values. The principal corrections are for absorption of the X-rays and for
excitation of Auorescent radiation from other elements in the specimen.
In addition, the stopping power of electrons and th e probability of backscatter vary with the atomic number of the element and with the energy of
th e incident electrons. The theory and application of these corrections
have bcen discussed in re,·iews by Castaing (1960) and Heinrich (1966,
1967). Generally the precision is not better than 5% .
Frazer et al. ( IIJ71) have proposed a procedure for quantitative analysis
by microprobe in which two or more beam encrgies are employed and thc
intensities extrapolated to the va lues at the critical excitation potential.
At this potential the absorption, Auorescence and back-scatter corrections
become negligible and th e resulting values require correction only for thc
clectron retardation.
The use of EPNIA in investigating the homogeneity of dopants has been
reported for instance by Timofeeva et a/. (1969a) (Cr and Nd in AIP 3 ).
This method was also used by Sobon et al. (1967) to determine the Pb
concentration in garnets. Monographs on electron probe microanalysis
include those of Birks (1963), McKinley (1966), Reuter (1971), Heinrich
(1968), Russ (1970) and Andersen (1973).
E/ectron spectroscopy has been developed to a valuable analytical technique by Siegbahn and coworkers (1967). Several terms are found in th e
literature, for example ESCA (electron spectroscopy for chemical analysis),
lEE (induced electron emission), UPS (UV-photoemission spectroscopy),
XPS (X-ray photoelectron spectroscopy), SXS (soft X-ray emission
spectroscopy) and INS (ion neutralization spectroscopy).
Preisinger et a/. (1971) proposed the classification of electron spcctroscopical techniques according to the stimulating process:
Ion electron spectroscopy
Electron electron spectroscopy
X-ray electron spectroscopy
U\. electron spectroscopy

IES
EES
XES
UVES

LV irradiation (3-50 eV) results in ionizing interactions with the bonding
electrons whereas X-rays interact with the inner electron shells. The latter
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process is therefore useful for chemical analysis whereas the former process
gives information on the electronic structure of semiconductors, metals
and recently also of insulators. Photons of uniform cnergy produce photoelectrons and Auger electrons simultaneously. Electron spectroscopy
allows the determination of oxidation states of elcments and also the analysis
of elements in the surface layers (Chang, 1971; McDonald, 1970; Benninghoven, 1973) especially of the light elements (second period from Li to F).
Mass spectrometry is, with some exceptions such as the 0 2 determination
mentioned below, only valuable for analysis of minor elements (below 1%)
because of its inaccuracy. lVIass spectrometry relies on the variation with
mass of the path of an ion in a magnetic field and /or an electric field. Thc
major Iimitation is that it can be applied only to gaseous ions and so thc
material must be vaporized by a suitable ion source. At present the type of
instrument most suitable for studies of solids is the spark-source mass
spectrometer. Very small quantities of materials are required, and a largc
number of elements may be determined simultaneously. Monographs on
mass spectrometry include those of Ahearn (1966), McDowell ( 1963),
Kienitz ( 1968) and Roboz ( 1968).
The spark is procluced by a potential of 20-100 k\' at about 1 MHz and
ionizes all elements with approximately the same sensitivity. The majority
of ions are singly ionized, but doubly and triply ionized atoms are also
proclucecl. The major clisadvantage is, however, that the ions have a wide
range of energy and so the analysing system must separate ancl focus ions
of different mass independent of their initial energy and direction ..-\
suitable spectrometer is the clouble-focusing system of Mattauch and Herzog
(1934), in which electric and magnetic fields of critical \·alues are applied in
series to the beam of ions. The spectra are recorded on photographic plates.
Oxygen (in oxygen-containing compounds) is one of the most difficult
elements to determine but can be analyzed by mass spectrometry if it i~
cxtracted from thc material by (a) reaction with agents such as mcrcuric
cyanidc or sih-er cyanide to yield CO~ (.-\nbar and Guttmann, 1959;
Shakhashiri and Gordon, 1966), (b) recluction \\ith carbon at high temperatures to yield CO (Schwander, 1953; DontsoYa, 1959) or ( c) oxidation
by ftuorine or halogen ftuorides to yield 0~ . The latter oxygen extraction
technique seems to be suitable for many oxides and oxide compounds and
has been deYeloped by Clayton and Mayecla (1963). 5 to 30 mg of the
material is reacted for 12 hours at 450- 700°C with bromine pentaftuoride
BrF 5 , a colourless liquid at room temperature. As an example thc reaction
between orthoclase and Br F 5 may be \vritten as
5KAISi 3 0 8 + 16Brf 5 - :-5KF + SAIF 3 + 15SiF1 + 8Br 2 + 200 2 •
Thc extracted oxygen is separatecl by a liquid nitrogen trap and 1s
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dderminnl as such or after its transformation to CO~. The quantitati ve
c:xtraction of o:xygcn from a ,·ariety of matcrials and en:n from refractory
o:xides has been achieH·d at high temperatures \\ith carbon as red ucing
agent by !\.raus (1972) and by Paesolcl et al. (1907), and th e latter were able
to cletermine o:xygen in a ,·ariet y of o:xicles \\ith a stanclarcl de,·iation of
1 to 1.5 ° 0 . Howe\·er, this precision ancl a high sensitivity were only possible
by IR absorption analysis of th e CO (formecl during the e:xtraction) with
special i zecl a ppa ra tus.
Thc main problem in quantitatiYc mass spcctrometric analysis is to
cstablish thc corrcspondence betwcen the eiemental composition of thc ion
heam and that of thc sampk. !VIcasuremcnts may bc madc O\TT different
recorcling periods, thc general prineiple bcing to comparc the measured
intensity \\ith that of an added standard in tlw samplc. \\!ith photographic
recording techniqu es, the precision is usually worse than 10° ;,. The main
cause of error is Yariability of the spark source, and recent developments
have been concentrated on impro,·ing the mea ns of ion procluction. The
best accuracy claimecl is still in the region of 5° 0 , and it is hoped that higher
precision \\·ill bc achieYed in thc near futurc .
Thc analysis of thin laye rs and of solids as a function of depth can be
achiewd by sputtering and th e dctermination of the positive (or negative)
ions in the \Try sensitiYe ion mirroprohe (Socha, J!J71), by seconclary ion
mass spectromctry (Sll\1) described by Herzog and \'iehbück (1941J),
llonig (19Si\), ßenninghoYen (11J61J), ßcnninghoYen and Storp (1971), and
Henningho\"Cn (1973), or of the sputterecl (by rf glm\· dischargc) neutral
particles by mass spectrometry (Coburn and Kay 1971 ). Lasers might be
useful ionizing sources in the futurc (Fenner and Daly, 1968). Also the
energy distribution of the back-scattered ions allo\\·s qualitati,·e and
quantitati,·e analysis of the uppennost surface la ye r, and there is no inte rference from the continuum of ion encrgies associated \\·ith scattering from
atoms bencath the surface. Thus thc differentiation betwcen the S-and the
Cd-face of the polar CdS is possiblc (Smith, 1971 ).
9.2.2. Deviation from stoichiometry

Often crystals are nonstoichiom etric ancl contain \'acancies of either anions
or cations, and the equilibrium number of such defects increases with
temperature (sec Section 9.5). The concentration of ,·aca ncies may also
depend on the atmosphere employed during gro,\'th and on the nature of
the solvent. \'acancies are also influenced by thc kinetics of the growth
process, and their concentration thus depends on the growth rate and on
other growth parameters. Vacancies are often constituents of !arger clefects
ancl their distribution can be random or th ey can be orclcrcd, thus forming
crystallographic superstructures (sec Rabenau, 1970).

484

CRYSTAL GROWTH FROM HIGH-TEMPERATURE SOLUTIONS

A crystal showing a deviation from stoichiometry can be regarded as a
solid solution of the stoichiometric crystal with a compound of the next
high er or lower valence state of the meta! ion, or with a constituent element
or with a constituent component without change of valence state. So CdS
with sulphur vacancies can be regarded as a solid solution of CdS with Cd,
and FeO with oxygen excess can be described as a solid solution of FeO
with Fe 2 0 3 . Many crystalline phases show a !arge range of composition at
high temperatures (near the melting point), whereas at low temperatures
the composition range of that phase can be small, even immeasurably
small. For example, the width of the Ni 3 S 2 phase is close to zero below
550°C and extends from Ni 2_56 S 2 to Ni 3 _68 S 2 at 640°C (Huber and Line,
1963).
Nonstoichiometry is a field of increasing importance and is treated in
the books of Rabenau (1970), Wadsley (1964), Mandelkorn (1964),
Brebrick (1969), Kröger (1964), Eyring and O'Keeffe (1970), and in
several volumes of "Progress in Solid State Chemistry" (H. Reiss, editor).
Large deviations from stoichiometry (!arger than 0.1 - 1%) are indicated
in carefully determined phase diagrams and are determined by several of
the more precise analytical methods described in the previous section. In
the following discussion, methods will be described for the determination
of small deviations from stoichiometry. This is possible by special chemical
techniques, by thermogravimctry, by exact determination of density,
lattice constants and other physical properties, or by determination of the
abnormal valence state by physical techniques such as optical absorption,
electron spin resonance, Mössbauer spectroscopy, X-ray spectroscopy and
electron emission spectroscopy.
The chemical determination of the concentration of ions of abnormal
Yalance state can be achieved by an appropriate oxidation or reduction
reaction, by titrimetry, or by colorimetry. As examples, excess meta! in
ZnO and BaO is analysed by dissolving the materials in acids and by
measuring the hydrogen formed (Berdennikova, 1932; Libowitz, 1953).
Meta! excess can also be analyzed by oxidizing the meta! and by titrating
back the excess of the oxidizing agent (Alsopp and Roberts, 1957) and by
similar methods (Novak and Arend, 1964; Kleinert and Funke, 1960), or
by coulometric titration (Engell, 1956). Hildisch (1968) developed a
technique which allows determination of 1 p.p.m. excess meta! in a sample
of 10-20 mg CdS by evolution of hydrogen and its determination by gas
chromatography. Gruehn (1966) has developed a micro-technique for the
quantitative determination of low oxidation states of metals. The oxides
(or other compounds) are dissolved in malten KOH and thereby oxidized
to the normal valence state and, according to the concentration of meta! of
low valence state, hydrogen is produced according to
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This reaction is quantitative, and the hydrogen can be determined. The
precision of the measured .\· values for the case of Nb 2 0 5 _ x \\ as ± 0.002.
Thermogrm:imetry (Duval, 1963; Garn, 1965) is a useful method for
analyzing nonstoichiometry. The change of weight of a heated sample
during oxidation or reduction reactions to a definite state (stoichiometric
oxide of normal valency, for example) is a measure of the deviation from
stoichiometry. Another app10ach by TGA (thermogravimetric analysis)
is to produce controlled (by weight) nonstoichiometric compounds under
given tempcrature and atmospheric conditions, check the chemical composition by chemical analysis (or TGA) and identify these compounds by
X-ray data. Bartholomew and White (1970) crystallized several "nonstoichiometric" titanium oxides from solution and most probably identified
them by X-ray data (comparison with earlier studies). Thermogravimetry
has become quite popular since high precision instrumentation has become
available and it has, for example, been of value in proving the existence
of a Yariety of nonstoichiometric oxides of the rare earths ('Viedemann,
1964) and in analysis of the oxidation states and defect structure of ferrites
(Reijnen, 1970).
Se,·eral properties are sensitive to deviations from stoichiometry, and
especially the density often varies considerably with the composition.
Nonstoichiometry can often be studied by precision lattice parameter
measurements as was shO\vn with gallium arsenide by Willoughby et al.
( 1971 ). The correlation of physical properties such as resistivity, thermoelectric po\\·er or Hall effect with the deviation from stoichiometry is often
possible, and these properties may be extremely sensitive, but the effect of
other defects, of trace impurities and compensation must not be overlooked
in these cases.
Nonstoichiometry in Iithium niobate LiNb0 3 could be correlated with
the !' 3 Nb NMR linewidth and to the Curie temperature by Carruthers et al.
(1971), whereas Scott and Burns (1972) used measured Raman linewidths
and frequencies to determine nonstoichiometry in LiNb0 3 and LiTa0 3 •
These techniques allowed determination of the subsolidus of the corresponding phase diagrams. Various models have been proposed in order
to understand these deviations from stoichiometry (N assau and Lines, 1970).
Specific physical techniques can be used in several cases to determine
abnormal valance states. Many oxides ( e.g. Ti0 2 ) and oxide compounds
(titanates, niobates, tantalates, molybdates, tungstates) which show little
absorption in the visible are deeply coloured (blue, brown, black) in
oxygen-deficient states and so can be examined by absorption spectroscopy.
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Electron paramagnetic resonance (EPR, or ESR for the equivalent term
electron spin resonance) can give details of the presence of certain transition-meta! ions (with unfilled shells) and of the local structure but generally
the paramagnetic ions have to be in very dilute concentrations in diamagnetic host crystals for ESR absorption to be detectable (Ayscough,
1967). As an example, Ti3+ has been studied in Ti0 2 by Chester (1961). A
useful technique for the determination of unusual valence states is
Mössbauer spectroscopy (see Greenwood in Rabenau, 1970). For example,
Mullen (1963) detected Fe + and Fe2+ in NaCI, Gallagher et al. (1964)
studied the oxidation of SrFe0 2. 5 to the perovskite SrFeO;; containing
Fe4+, and Hannaford et al. (1965) investigated Sn 2 + defects in neutronradiation damaged Mg 2 Sn 4+ 0 4 by chemical isomer shift. The application
of the Mössbauer technique is somewhat restricted since, from the 70
isotopes of 40 elements which fulfill the conditions for recoilless emission
of y-rays, only 57 Fe and 119 Sn have been widely studied . A few publications
mention 121 Sb, 12 öTe, 151 Eu, 166 Er, 170 Yb and 197 Au in the study of nonstoichiometric phases.
The use of electron spectroscopy for the determination of the valence
state of elements is mentioned in Section 9.2.1.
9.2.3 . Analysis for minor constituents and of traces

For trace analysis the sensitivity of the method is generally more important
than the accuracy. Because of their high sensitivity most of the techniques
mentioned in the Sections 9.2.1 and 9.2.2 can also be applied to the
analysis of minor constituents ( compare Table 9.2). Minor constituents
can be dopants added deliberately or may originate from impure starting
materials, from the solvent or from the crucible, and impurities can enter
the growth system and the crystal via the furnace atmosphere. Frequently
a wide range of impurities is found in the grown crystals, often in an
unexpectedly high concentration. Therefore careful selection of chemieals
as starting materials (with accompanied batch analysis) and careful experiments in sealed systems are necessary if crystals of high purity are to be
grown. Impure solvents are particularly troublesome because of their
relatively high concentration in a typical solution growth experiment.
Fortunately the growing crystal rejects many impurities according to their
low effective distribution coefficients, especially when the crystal can grow
slowly enough as is discussed in connection with the Burton-Prim-Slichter
equation (Section 9.2.4). Trace analysis has been treated, for example, in
the books of Meinke and Scribner ( 1967), Alimarin and Petrikova ( 1962),
Sandeli (1959), Tölg (1970) and Koch and Koch-Dedic (1964). Qualitative
determination of trace elements is the subject of the books of Feig! (1970)
and Vogel (1966).
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The most important techniques for trace analysis (determination of
impurity concentrations of less than 100 p.p.m.) are optical emission
spectrosrupy, atomic abs01ption, mass:spectrometry , neutron actiz:ation analysis,
and the relatively simple titrimetry and colorimetry.
Optical emission spectrography is very convenient since it is particularly
rapid, requires only a small sample, and can be used for most elements.
Errors may arise through interference, particularly for elements having
very complex spectra. The Iimit of sensitivity for arc and spark emission
spectrography for the chemical elements has been tabulated by Adelink
( 1957) and by Morrison and Skogerboe (1965).
Neutron acti·vation analysis (Guinn and Lukers, 1965; De Soete et al.,
1971; Lyon, 1964; Kruger, 1971; De Voe, 1969; Siegbahn, 1965; Taylor,
1964; Bowen and Gibbons, 1963) is based on the principle that, if a material
is bombarded with neutrons, the induced radioactivity will depend in
nature, energy and intensity on the composition of the material. The effect
of the bombardment on a stable isotope will normally be to produce a
radio-isotope, which will decay with the emission of its characteristic
radiation . As the bombardment is continued, a steady condition will
e\·entually be reached where the rate of decay of the radioacti ve species is
equal to the rate of production from the stable isotope. The decay rate is
then proportional to the number of nuclei of that isotope. If shorter
irrad iation tim es are used, the activity can be calculated in terms of the
steady value and the half life of the radio- isotope.
"Thermal" neutrons are normally used as the bombarding particles since
most elements have a high capture cross-section for neutrons at relatively
low energies, and high neutron fluxes are readily available from nuclear
reactors. Alternatively high-energy neutron sources may be used, in instruments which are smaller and easier to erect in an analytical laboratory.
Thesesources normally contain a target of a cooled meta! tritide (3H) which
is bombarded by deuterons (2H) accelerated to an energy of 100- 200 keV.
The reaction which generates neutrons is
~H

+ TH -/~He + n.

Analysis is normally performed by measuring the y-ray emisswn by a
scintillation counter and pulse height analyser, with data evaluation by
computer. The sensitivity is about 10 - s gor 0.01 p.p.m. for a 1 g sample.
The precision of the determination is typically 1-3 % if suitable care is
taken. The majority of elements have more than one stable isotope and so
a correction is required for the fraction in the element of the isotope used
for the analysis. Cloete et al. ( 1969) performed neutron activation analysis
of MgAI 2 0~ crystals grown from PbF 2 solution at 1200-1250°C in 100 cm 3
platinum crucibles and found 13 p.p.m. iridium (present in platinum in
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small amounts), but no platinum. A remarkable result was that the authors
found by absorption spectroscopy Iess than 10 p.p.m. Iead in the spinel
crystals.
Even higher sensitivity than with neutron activation is sometimes
possible with tracer methods in which a known concentration of a radioisotope is added to the solution prior to crystallization and the activity of
the crystal measured after growth. This determination is based on the
assumption that the fraction of the radio-isotope in the crystal is the same
asthat in the melt. Although the apparatus required for such a determination is relatively simple, the use of radioactive tracer methods in high
temperature solution growth has been reported in the Iiterature only
recently when their application to a variety of problems was describecl by
Janssen et al. (1973).
Comparable sensitivity is sometimes possible with mass spectrometry, the
Iimit being arouncl 10- 3 ppm, with 10- 1- 10- :J ppm typical for most
elements in any matrix. Wolfe et al. ( 1970) usecl mass spectrometry to
measure impurity concentrations at the Ievel of 10 1 :1 cm - :J in gallium
arsenide. The range of sensitivity between different elements with mass
spectrometry is less than with most methods, being normally within a
factor 3. The other chief advantage is that different areas of the sample
may be studied using selective volatilization but the spectrometer is expensive and the accuracy rela:ively low. In addition, both mass spectrometry and neutron activation analysis are time consuming compared with
optical emission spectrometry. Trace analysis much below the p.p .m. Ievel
is achieved by correlation of impurity concentration with sensitive physical
properties, for example with the resistivity of metals and semiconductors.
Luminescent properties are also extremely sensitive to the smallest
impurity Ievels (see for example Meinke and Scribner, 1967). Care is
necessary in these cases since they are often not specific or are easily interfered with by other impurities. Other physical techniques based on photon
spectroscopy (such as nuclear magnetic resonance, electron spin resonance,
and Mössbauer spectrometry) or on electron spectroscopical methods (see
Section 9.2.2) are useful in certain cases of composition or trace determination, but their main potential lies in the study of structure and of defects,
and they will be discussed further in connection \Yith these latter aspects.
Linares et al. ( 1965) have shown that a variety of rare-earth ions could
be detected in concentrations as low as 0.02 to 1 p.p.m. by optical fluorescence which was excited by X-rays (probably not directly but by photoelectrons which then preferentially transfer their energy to impurity atoms
by inelastic scattering).
lmpurities such as oxygen, nitrogen and hydrogen in the p.p.m . range
in metals and semiconductors have an appreciable effect on the material
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properties. The detection of such volatile traces is possible with modern
apparatus by vacuum fusion as developed by Thompson et al. (1937), with
determination of the gases by infrared absorption (CO) and other physical
properties (Kraus, 1972; Paesold et al., 1967) or by mass spectrometry.
Frequently preconcentration techniques such as zone melting, chromatography, electrophoresis, extraction, and precipitation are used to
increase the sensitivity of the determination, and also coprecipitation and
mixing techniques can be helpful in this respect.
Other methods for trace analysis are based on rhromatography, ion
e.wlumge rhromatography and electrophoresis. In these techniques a mixture
of ions or molecti!es is separated during its travel with a solvent phase (a)
along a second (immiscible) liquid layer absorbed on thin films or columns
of cellulose, silica gel, alumina, organic polymers etc. ( = chromatography),
or (b) along ion-exchange resins which are reversibly replacing an equivalent amot1nt of other ions, or (c) in an electric field ( = electrophoresis).
The determination is performed directly on the dried and fixed systems
by specific colouring agents (paper chromatography, thin-film chromatography, or electrophoresis), or the separated chemical constitucnts are
extracted and detcrmined by other techniques. Advantages of these
techniques are the possibility of separation of a variety ot ions and the high
sensitivity which can be lower than 1 ppm, also the apparatus is simple.
Disadvantages are the inaccuracy (5- 20 % ), the necessity of preparing
solutions, and the high Ievel of experience necessary. Monographs on the
above methods haYe been \Hitten by Lederer and Lederer ( 1960) and by
Lederer ( 1971 ).
9.2.4. Jnhomogeneities and their detection

Inhomogeneities of the crystal composition, either of the major or minor
constituents, occur on all scales. Inclusions are discussed in Section
9.4.6, inhomogeneities on an atomic scale in connection with defects in
Section 9.4.1, and structural inhomogeneities in Section 9.3. Methods of
producing homogeneously doped crystals and of homogeneaus solid
solutions haw been described in Section 7.1.3.
Origin of inhomugeneities. According to the Burton-Prim-Siichter equation
(1953) the effectiYe distribution coefficient is

k
l'ff =

kn
k,, +( 1- k0 }exp- (-rSJ D)'

where k" is thc cquilibrium distribution coefficient, v the growth rate, 8
the boundary layer thickness and D the diffusion coefficient. Thus inhomogeneities are produced ,,·hen any of the parameters k 0 , v, 8 or D
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change d uring th e co urse of a cryst alli za ti on ex peri ment . ko is a fun cti on
of th e temperature acco rding to th e idea l soluti o n co nce pt (T hurm ond ,
1959). Also temperature-dependent equilibri a in th e oluti on a nd th e
enrichment (o r de pleti o n) of impuriti es in th e so luti o n durin g g rowth will
affect !? 0 • T h e g rowth rate ~· is strongly ei epend ent on th e Su pe rsa turati on
ancl h ence o n tem pe rature cha nges. In th e m a ny cases whe re th e rate of
cryst allizati on depend s o n adso rpti on on specific faces or on th e crystall og raphi c directi on , an orient ati on-d epend ent impurity in co rpo rati on is to
be exp ected , and a n exa mpl e of such zo nal g row th is sho wn in fi g . 9.2.
Th e ch ange vvith tempcrature in th c diffu sion coeffi cie nt [) is expectcd to
be relati vely min or, whereas th e bo und a ry layc r thi ckncss 8 is mo re li kely
to ca use inh omogeneiti es sin ce it is se nsiti ve to any ch angcs in th c hydrody nam ics in th e soluti o n . H o weve r th e m ost im po rtant ca uses o f inh o m ogeneiti es in ftu x g rown cryst als a re tem pe rature va ri ati o ns a n d osc ill ati o ns,
th e latter lea ding to ba n ded g rowth (s t riations), <~nd cxtcnded , . <~ r i <~ t ions
of compositi on are du e to ch anges in h 0 •
lt is possibl e th at th e m ajo rity of stri ati ons a re cl uc to tcmpe rat ure

F 1c. 9.2. O ri entati on- depe nde nt impurit y inco rp o rati on in z irco n (Scheel,
unpu b lished).
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fluctuations which arisc in th e solution because of unstable convection.
T emperature oscillations due to convective motion in fluids are weil kno wn
but th eir importancc in crystal growth was not ap preciated until comparati vely recentl y. \\"ilcox and Fulmer (1965) demonstrated that fluctuati ons in th e dopant concentration in calcium fluoride crystals grown
from th e melt could be co rrelated with temperaturc oscillations within th e
melt, and many examples of th e relation between such oscillations and
stri ations in melt-grown crystals have now been reported (H urle, 1966,
1967; Cockayne and Gates, 1967 ; Witt and Gatos, 1968). Striations due
to variations in the Taj N b ratio in crystals of KTa,_ ,.N b ."0 3 grown by
top-seeded solution growth were attributed by Whiffin (1973) to temperature oscillations which were measured as 1 in am plitude.
The incidence of temperature oscillations is discussed in Section 6.6.2
wh ere refe rence is made to "overstability" which is a probab le cause of
such oscillations in hig h tem perature solutions. Figure 9.~ shows t emperature osc ill ations at different depths in a solution of nicke! ferrite in

= oc

0

b

c

TIME (minsl

~

FIL;. 9.3 . Temperature osci llations in a solution of N iFe,O , in BaO.Q.62B,O,
(Smith and El well, 1968) . (a) Thermoco uple junction just be1ow m elt surface.
(h) Jun ctio n 4 mm helow surface. (c) as (b), but crucible rotated at 10 r.p .m .
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Ba0·0.62B 2Ü 3 at 1200°C. Thc mclt Jcpth in this casc was only 3 cm but
oscillations of amplitude 0.5°C were measured at a point 4 mm below the
surface in a temperature gradient of about 10°C jcm. The amplitude could
be reduced somewhat by rotating the ct ucible, as shown in Fig. 9.3( c).
Interesting observations in Czochralski growth of tellurium doped InSb
were made by Kim, Witt and Gatos (1972). They found by "time markers"
that only under thermal (convective) stability were the macroscopic and
microscopic growth rates identical. Thermal stability was achieved by a
stabilizing temperature gradient and by making the depth of liquid small.
Otherwise oscillatory thermal instability or turbulent convection occurred
leading to back melting and to microscopic growth rates more than 20
times greater than the average macroscopic growth rate. The striations
produced by the temperature and the corresponding growth rate fluctuations could be made visible by selective etching and optical techniques.
Time markers would be useful also in similar experiments on the origin
of inhomogeneities in flux-grown crystals, and in effect such experiments
are in progress according to Damen and Robertson ( 1972) and Whitc
(1971 ). The use of time markers in vapour growth was reported by Kroko
(1966 ).
The incidence of oscillatory behaviour in high-temperature solutions can
be reduced by the use of shallow melts or small temperature gradients as
mentioned above. Since the depth of solution appears in Eqns (9.2) and
(9.3) (which are valid for the critical range only, see Section 6.6.2) as P,
its effect is particularly marked. Brice et al. (1971) have shown that the incidence of oscillations may be reduced by the use of baffies which lovver the
effective depth of the melt and it is possible that similar arrangementswill
be necessary in HTS-growth for the growth of crystals which are particularly prone to striations. The tendency to form striations may also be
reduced by using a growth rate which is weil below the maximum stable \·alue.
Other sources of growth-rate oscillations are also possible. If solute
transport occurs only by diffusion, then a solution of the diffusion equations
for n(x, t) can give oscillatory behaviour in terms of the distance x from the
interface but not in terms of the time. An oscillatory interface kinetic
process has not been proposed although some periodically varying behaviour might be envisaged in the bunching of layers which Ieads to the
formation of macrosteps. The possibility of striations due to an oscillating
growth rate in an unstable Supersaturation gradient was proposed by
Landau (1958) and Petrov (1956).
Seif-excited oscillatory motion along the interface near the breakdown
of stability was predicted by Mullins and Sekerka (1964), and this theory
was extended to growth from stirred melts by Delves (1968, 1971 ). A
detailed discussion of these problems is given in Chapter 6.
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Wilcox and Chase (1967) considered the effect of strain produced by
incorporated impurities on the distribution coefficient. The authors
developed an expression for the effective distribution coefficients for the
case where no plastic deformation occurs. A.lthough no experimental proof
has yet been given, it seems plausible that a certain fraction of inhomogeneaus impurity incorporation can be attributed to this effcct.

Teclmiques for determination of inhomogeneities. lnhomogcneities in a bulk
crystal cannot be measured quantitatiYely at present, but qualitative
obserYations can frequently be made. Crystals often show effects due to
,·ariation in the refractive inclex, light absorption, etc., and crystals may
show strain due to different lattice parameters and differing thermal
expansion cocfficients of the inhomogeneaus regions. Sincc interferometry
is extremely sensitive to fluctuations in optical density it is frcquently
usecl to proYe qualitati,·ely the high quality of crystals. QualitatiYe indication of inhomogeneaus impurity incorporation is reaclily obtained when
radioactive impurities are used (Lanclau, 1958) and occasionally selective
etching can bc used to display striations~ (vVitt, 196 7). Frequently inhomogeneities are the cause of linc-broaclening of X-ray diffraction patterns
(see Scction 9.4.2).
Quantitative determinations of inhomogeneities are performcd by
yarious techniques which allow local analysis of thc surfaces of bulk
crystals, of crystal sections, or of layers grown by liquid phase epitaxy.
Examples of physical parameters (Curi e temperature, magnetization, conductivity, optical absorption, etc.) \\·hich have been used to characterize
inhomogeneities in flux-grown crystals are given later in this section.
Techniques for the analysis of inhomogeneities in crystals are based on
narrow beams of electrons, photons or particles which strike the surface
and excite electrons, X-rays or photons of characteristic energies or which
cause local evaporation of the material. The possible techniques are summarized in Table 9.3. Many of the methods listed are applicable only to
special problems, while several techniques are in the early stages of
clevelopment .
Electron probe microanalysis is th e most po\\·e rful and most wiclely usecl
technique for the analysis of inhomogeneities and is cliscussed in Section
9.2.1. Here it should be addecl that the region which is excited and which
emits X-rays has a !arger diamcter than the electron beam and a certain
clepth since the locally produced X-rays of short wavclengths excite other
elemcnts (secondary emission). Future developments in clectron probe
microanalysis are proceeding in the clirection of narrowing the electron
beam and of building sensitive X-ray detectors "·hich allow a fast quantitati,·e analysis of the whole X-ray spectrum.

TAHLE 9.3. T echniques for Analysis of L ocal Inhomogene ities
Exciting bea m

Emittcd radi a tion
o r p a rticl es

X-rays (focu ssed
or collimated)

X-ra y diffraction

Measuring techniqu c

X-ra ys (cmittcd)
photons (luminescence)
clectrons

id cn tifica tion, cell pa ram cte rs
(sec Sec. 9.4.2)
X-ray Auorcsce nce ana lysis
lumin esce ncc s pectrosco py
clcc tron spcctroscopy

uv

photons (Jumincscc nce)
elec tro ns

lumin esce ncc spcc trosco py
c lec tron spec trosco py (ESC.-\)

Laser

n1 atcri al \ ·a po ur

op tical em iss ion s pcctrosco py

E lectrons

X-ra ys
ph o to ns (luminesce ncc)
e lec trons
e lec tron s (d ifl'raction)
ne utron s and o th e r
backscattcred particles

Ion s (sputtering)

e lcc tron s

-100/Lmt
-100/Lmt
~100 /Lmt

Sec Scc tion 9.2.4 .

-0 . 1 - 1 ~~
-0.1 °n
~2 ~~
- 0. 1- 1 p .p .m.-10 ~;,

~so

/Lm1

~1 - 10 3

p.p .m.

~so 1-'ml

- so '"m1 ~ I p.p.m.

clcc tron probe microanalys is

See Scctio n 9.2 . 1.
Linarcs el al. , 1965
Chang, 1971;
Preisinger el al., 197 1
Chang, 1971 ;
Pre isinge r el al., 1971 ;
S iegba hn el al. , 196 7

n1ass spcc tro n1 e try

-~1

/Lffi

-0. 1- 1 ''.,

-1 - 10 '' ~

S netsinger a nd Ke il ,
1967;
Blackburn el al ., 1968
Fcnner a nd Dal y.
1968

0.5 - 5 % See Section 9.2.1

~1 fLil1

clectron spectroscopy (A ugc r
e lectr. s pectr .)
identification , ccll
e nergy distributi on

elcc tro n s pcc t roscop,·

positive ion s
material particles

io n micro pro hc
mass spectromctry

rcAec ted ion s

io n scatte ring spcctroscop,·

+ Focussing to <

-so /Lmt -s ~;.
~so/Lmt

Refcrc nces

Prcc ision

atom ic abso rption ( ?)

parameters

Ne utrons ,
Protonsand
Alpha particl es

Local
reso lution

lU um should be fcasible.

-1/Lm
< 0.1 fLil1
< 0.1 fLil1
200A in
de pth for
Bin s ilicon ,
1 mm
soA in depth

l

C hang , 1971

0.1 - 1''.,
,..II '

~' .f •

3 p .p.rn.

See Scction 9.4.3
Sec Scction 9.4.3
Zieglcr eta/., 1972 ;
Zi eg le r a nd Baglin,
1971 ;
Mitehe II et al., 1971;
D avicseta/. , 196 7
Coburn a nd Kay,
1972;
Gupta a nd Tsui , 1970
Soc ha , 197 1
Coburn and Kay ,
1971
Smith, 1971

Focussing to < 5 J-Lffi shou1d be feasible.
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0
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The analysis of impurities as a function of depth has been reviewed by
Coburn and Kay ( 1972) \\ ho distinguish three categories of techniques:
(a) non-destructivc, (b) microscctioning with observation of thc rcmaining
material, and ( c) microsectioning with observation of the material removed.
For (b) and (c) chemical etching or preferably etching by sputtering under
clean conditions has been used. The measuring techniques are included
in Table 9.3.

lnhomogeneities ohserud in fiux-grown crystals. I t seems to be widely
accepted that striations in crystals grown from high-temperature solutions
arise from temperature ftuctuations which are caused by insufficient
temperature control or by convective instability. Striations have been
observed in numerous cases, therefore in the following only a few examples
will be given.
Striations corresponding to variations in the chromium concentration
were found in the ruby crystals grown by White and Brightwell ( 1965).
These were believed to arise because of preferred adsorption on different
faccs, giving rise to a series of sharp boundaries in somc crystals cut
parallel to the r-axis.
Chase (1968) founcl a variety of striations in indium oxide crystals. The
bancls in the innermost zone were very clear and decreased in width with
clistance from the growth centre. In the intermediate zone very fine striations were observed with wider bands, about 1 mm across, superimposed.
The fine striations were absent in the outermost zone but less well-defined
variations in colour were observed. The various types of striation could be
readily correlated with the mode of growth. The most marked striations,
in the inner zone, were produced at the time of mostrapid growth following
nucleation. In the intermediate zone, growth occurred by nucleation of
layers at corners and edges of the crystals and the fine bands are presumably related to the period between the passage of successive layers.
The bands of relatively minor intensity were associated with a more stable
mode of growth at screw dislocations giving rise to gro\vth hillocks. The
striations could all be correlated with ftuctuations in the furnace temperature resulting from an imperfect controller.
The very regular, fine bands of striations in a dysprosium orthaferrite
crystal as shown in Fig. 9.4 have been attributed by Wanklyn (1975)
to an on-otf temperature controller. Banding may be a periodic array of
inclusions caused by periodic unstable growth as demonstrated in Fig. 9.5.
:\ careful distinction should be made if possible bet\veen striations (banding due to varying composition or impurity incorporation) and bancling of
inclusions. Both phenomena may be of similar origin, namely the ftuctuations in growth rate caused by changes in the temperatun: or hydro-
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F1c. 9.4. S tri at ions (th e fi ne lin es) in a D yFe0 3 c r ysta l ca used b y an on- off
temp e rature co ntrolle r (co urtesy B. i\II. \ Va nkl yn) .

F1 c. 9. 5. Band s of in clusio n s in Gcl.-\10 3 p a rall el to as -grow n fa ces (Sc h eel and
Elwell , 1972).

dynami cs . In seve ral cases "stri ati ons" have bee n reported ,,-hich co uld
ha ve bee n periodic laye rs of tin y inclu sion s du e to unstabl e growth as
discussed above. This effect is to be expected wh en th e growth rate is nea r
th e maximum stable va lue . Then growth rate va ri ations due to temperature
oscil lati ons will cause alternatively stable and unstabl e growth, or th e
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growth rate variations may be self-exciting as described by Landau ( 1958).
Lefever et al. (1961) found a banded appearance of finely divided
inclusions of 100 J.lffi diameter in yttrium iron garnet. These bands
appeared to be associated with the presence of divalent iron in the crystals
since their incidence could be reduced by growing the crystals in an oxygen
atmosphere or by reducing the silicon concentration in the melt. Silicon
enters the garnet lattice readily as Si4+ and so produces Fe 2 + ions by charge
compensation.
Giess et al. (1970) observed striations with a periodicity of about 2 to
60 J.ll11 in rare-earth orthaferrite crystals but their origin has not bccn
found. The Iead concentration was found to vary from 1.10°/c, in the darker
bands to 0.72% in the lighter regions. These bands must therefore be
formed during growth. lt appears likely that the Iead would be present in
finely divided inclusions but the authors were unable to distinguish
whcthcr or not thc impurity had entered the crystallattice.
Few examples have been published where physical measurements werc
made to demoostrate the presence of inhomogeneities in crystals. In thc
interesting paper of N ielsen et al. ( 1967) local saturation magnetization
(47TM >) measurements on flux-grown solid solutions of Y 3 Fe 5 _ ,.Ga.~Ü 12

SCAN I

FIG. 9.7. Outline of the boundary of the surface of Rh-doped Fe 2 Ü" cr ystal.
The uncorrected Rh 2 0, dopings are shown on the scan paths. The straight lines
indicate the antiferromagnetic-weakly ferromagnetic boundaries for several temperatures (Morrish and Eaton, 1971 ).
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could be correlated \\·ith compositional inhomogeneity using the data of
Fig. 9.6(a) . The author~ were able to correlate the 4rrM ., variation and
thercforc thc compositional inhomogcncity \\·ith th c wcight loss of thc
solution du ring the experiment: a 20 % weight lass (mainly by PbF 2
evaporation) resulted in a 4rrM, variation of 845 gauss along the crystal
section, whereas in another experiment a 4.2 ° ~ weight lass resulted in a
4rrM, variation of only 260 gauss. Typical examples of measured saturation
magnetization values for various crystal sections are shown in Fig. 9.6(b ),
\\·here A is an example of a crystal from a run with high weight lass and B
is typical of a crystal grown in a tightly closed crucible.
The magnetic (Marin) transition temperature TM of pure haematite at
about 263 °K is very sensitive to doping; AJ3"-, Ga H , Ti4+ and Sn 4 + all
lower T.u whereas Rh doping raises TM. Morrish and Eaton (1971) studied
rhodium-doped haematite crystals and found a correlation between the
doping kn~ l and thc magnctic transition tcmpcraturcs. Thcir rcsults as

measurcd by electron microprobe are shown along scan 1 and scan 2 in
Fig. 9.7 for a doping Ievel of about 0.5 mole % Rh. The isotherms of the
magnetic transition were parallel to the growth front, from left to right.
In the first stage much rhodium was incorporated and Tu is about 20°C,
whereas the outer portion of the crystal contains little Rh and thcrefore
shows T .u values below 0°C.
9.3. Structural Aspects and their Determination
Most physical phenomena are sensitive to the structural aspects of crystals,
to the three-dimensional periodic arrangement of atoms, ions, and molecules and to the array of bonds between these species. However, only those
techniques which use diffraction of a radiation with a wavelength similar
to the spacings within the crystals can give a picture of the structure as will
he discussed in connection with the diffraction of X-rays, electrons, or
neutrons. Most physical phenomena only indicate the anisotropy (or
isotropy of cubic crystals) and the symmetry of the crystals. From optical
phenomena and optical measurements symmetry, orientation of the crystal,
and occasionally other structural details can be very conveniently deduced
as discussed below. The characterization ofthin films by optical and other
methods has been described by Heavens (1965).

9.3 . 1. Optical techniques
Microscopy. Routine examination of crystals is most frequently performed
by optical microscopy, particularly if the crystals are transparent. It is
considered necessary in most crystal growth laboratories to have permanent
access to a polarizing microscope, preferably with a universal stage and a
camera attachment.
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Microscopic techniques havc been reviewed by a nurnber of authors, for
cxarnplc Charnot and Mason (1958), Burri (1959), Winterbottom and
McLean (1960) and Schaeffer (1966). The principal applications of
microscopy in the study of crystals grown from high temperature
solution may be classi.fied as follows:
(a) Identi.fication and examination of optical properties,
(b) studies of surface features,
(c) investigations of defects.
The use of optical methods in crystallography has been described by
Winchell (1937), Bloss (1961), Wood (1963), Gay (1967), Rath (1969) and
Bartshorne and Stuart ( 1969). A complete optical examination of a transparent crystal would include the following stages:
(i) Examination in unpolarized light and observations of colour, habit,
edge angles, cleavage, refractive index and optical dispersion (variation of
refractive index with the wavelength of light). Precautions necessary for
precision measurernents of refractive index are discussed by Hafner and
Rood (1967), and Lawless and DeVries (1964) described the re.finement of
refractive index measurements ofthin samples.
(ii) Use of crossed polarizers to distinguish between isotropic and
anisotropic crystals and to Iook for twinning and strain. Measurement of
the extinction angle and determination of birefringence ( difference in
refractive index for ordinary and extraordinary ray).
(iii) Determination of the principal refractive indices of anisotropic
crystals and a study of pleochroism (variation of absorption of light with
direction of vibration of polarized light).
(iv) Observation in convergent polarizing light between crossed polars,
using the rnicroscope as a conoscope. The advantage of convergent rather
than parallel light is that the resulting image or interference figure depends
upon the optical character in many crystallographic directions rather than
in a single direction. The converging beam is produced by the condenser
Jens and a real image is formed by the objective. Each point in the image
corresponds to a definite direction of light through the crystal and the
image may be examined through the analyzer directly or by use of an
auxiliary Jens, the Bertrand Jens, to bring the image into the focal plane of
the eyepiece. The image may be used to classify anisotropic crystals as
uniaxial or biaxial and to determine the positive or negative character and
the angle between the two optic axes of biaxial crystals. For various optical
measurements and for determining the orientation of twins, of lamellae
due to unmixing, and of inclusions, the universal stage of Federoff and the
spindie stage are useful or necessary (Reinhart, 1931; Fairbairn and Podolsky, 1951;\Vilcox, 1959;Emmons, 1943).
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Suitable modifications to the optical microscope permit several additional investigations. Ultramicroscopy is a tcchnique in which a narrow
bearn of light, usually from a Iaser, is incident on the crystal in a direction
at right angles to the axis of the microscope so that light scattered from
inclusions and other defects is observed. This technique was used by
Newkirk and Srnith (1967) to study inclusions in BeO, and particles less
than 1000 A in diarneter were detected.
Phase cantrast microscopy (Zernicke, 1938; Sunagawa, 1967) and interference microscopy (Tolansky, 1943, 1970; Nornarski and Weill, 1954) are
rnodifications of optical microscopy in which the irnage is extremely
sensitive to the surface topography, and these techniques are particularly
useful for the study of surface features such as growth spirals and layers.
A height resolution of about 4 A may be achieved under favourable conditions. The great advantage of Tolansky's multiple bearn interference
method is that the interference fringes are narrowed and sharpened
relative to those in the classical Newton's rings experiment and so the
height resolution is perhaps 100 timesthat possible in the latter experiment.
Infrared microscopy (Sherman and Black, 1970; Sunshine and Goldsrnith,
1972) is useful for materials which absorb in the visible but are partially
transparent in the infrared, such as many chalcogenides and ferrites.
Valuable information on the magnetic domain structure (which is sensitive
to defects) of the magnetic bubble domain rnaterials and devices rnay be
obtained using polarized infrared light, and defects in several semiconductors rnay be studied easily, especially in thin films.
Infrared absorption analysis rnay sometimes be usefully applied to the
identification of inorganic rnaterials or irnpurities (Lawson, 1961; Moenke,
1962; Nakanoto, 1963; Kendall, 1966; Harrick, 1967).
Crystal handling. In the case of materials of low transparency, interior
features of the crystal rnay be exarnined if it is cut into thin sections. Thin
crystal slices with as little darnage as possible are also a necessity for X-ray
topography as will be discussed in Section 9.4.3. The rnethod used for
sectioning will depend on the material and will normally involve cleaving,
sawing, chemical or electro-chemical machining or spark-cutting. The latter
can be used only for electrically conducting rnaterials and it produces
surface darnage as does mechanical sawing. The most suitable saw blades
are norrnally thin metallic discs impregnated with diarnond grit which are
rotated at high speeds. The main disadvantage of such saws is that the
arnount of darnage will increase with ageing of the blade as the nurober
of irregularities increases. In generat the darnage is less for an annular
blade irnpregnated along its inner edge and supported along its perimeter
than for a blade supported at its centre and with a peripheral cutting edge,
R
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and even less darnage is reported for the use of a diamond-impregnated
wire saw. Successful cleaving depends upon the existence of a cleavage
plane within the crystal, and relatively few flux-grown crystals of practical
interest will cleave easily. Chemical machining, as with an acid saw,
produces the least darnage but the cutting rate is often prohibitively slow.
It is normally assumed that cutting will result in some darnage to the
crystal and that the damaged layer must be removed if it is required to
examine the "as grown" crystal characteristics. The slice isfirst mechanically
polished on some abrasive paper to give a flat surface. It is sometimes
desirable to mount the crystal in a cylinder of transparent plastic to
facilitate handling and to prevent rounding of the edges during polishing.
Progressively finer grades of abrasive paper are used to give a good polish
and the final stage is normally performed with fine powder such as alumina,
magnesia, chromic oxide or jeweller's rouge. The powders are dispersed
on napless cloth of cotton or silk, with velvet of fairly deep pile used for
the final polish. Alternatively the whole polishing process may be effected
using diamond pastes, containing diamond grit of various diameters down
to about 0.1 J-Lffi . A jig for holding specimens for automatic polishing using
diamond paste and soft meta! lapping plates has been described by Bennett
and Wilson (1966). The crystal in this case is held in position by wax and
polishing is effected by rotating the Iapping plate at 10-60 r.p .m. while the
jig traverses this plate on a reciprocating arm.
A process which is currently very popular for a final polish involves the
use of "Syton". t This is a silica abrasive in an alkaline colloidal suspension,
which gives a good surface finish on, for example, refractory oxides.
Meta! slices may be thinned by electrolysis, and this electrolytic polishing
has the advantage that there is no mechanical disturbance. The principal
disadvantage isthat it frequently does not result in a smooth surface, since
selective attack tends to occur in the region of any tiny cracks, pores or
inclusions.
An alternative techniquc is to combine mechanical polishing with
chemical attack, for example by impregnating a polishing cloth with a
chemical reagent.
Since any mechanical polishing will normally result in some surface
darnage and the generation of dislocations, the final stage in the preparation
of thin samples is normally chemical polishing in which a uniform layer of
crystal is removed by the action of a solvent. Fused salts have been used
quite commonly for this purpose but suffer from the disadvantage that the
specimen cannot be observed du ring the polishing process. Shick (1971)
has proposed the use of phosphoric acid at 380-425 °C as a chemical polish
for orthoferrites. The polishing rate in his experiments was about

t
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10 fLm f min compared with 3-6 fLm f hr for Syton, and an improved surface
finish was obtained. Shick found rotation at about 40 r.p.m. to give a
surface of optimum smoothness and describes a jig for this purpose. In his
experiments layers of orthaferrite initially 0.1 mm in thickness were reduced to half this value and the resulting improvement in the sharpness
of the domain pattern is evidence for the complete removal of the strained
outer layers. Phosphoric acid was also used by Basterfield ( 1969) as a
chemical polish for yttrium iron garnet, while Reisman et al. (1971) preferred
mixtures of phosphoric acid and sulphuric acid for spinel and sapphire.
Certain solvents have the property of causing preferential attack at
strained regions rather than removing a layer uniformly. The preferential
attack results since atoms in these regions are less tightly bound because
of the strain energy. Solvents which possess this property are unsuitable
for use in chemical polishing but may be used as etchants for measurement
of the concentration of those defects which give rise to the strain . The most
likely cause of etch-pits are dislocations and counting of etch-pits is the
most convenient method of studying the concentration and distribution of
dislocations in crystals. Etch-pit counts may, however, underestimate the
dislocation density if selective etching of edge or screw dislocations occurs.
Reviews of etching for the study of dislocations have been given by Regel
et al. (1960) and Amelinckx (1964); some typical etchants arealso listed
by Laudise (1970). Examples of dislocation densities determined by etching
are listed in Table 9.4.
Examples of optical appraisal studies. A !arge number of appraisal studies
of crystals grown from high-temperature solution have appeared in literature, and weshall consider only a few typical examples.
Lefever et al. (1961) examined polished sections of yttrium iron garnet
crystals by transmitted light and were able to observe the dendritic core,
layers of inclusions and striations. Janowski et al. (1965) studied the types
of inclusion in ruby crystals by transmission microscopy and attempted
to relate their distribution to that of dislocations revealed by etching the
same crystals. They were thus able to show that dislocations were sometimes produced by solvent inclusions. In addition, twin planes were
observed and were found to be associated with groups of etch pits only
infrequently, the more common result of etching being to produce a
shallow groove along the twin boundary.
Nelson and Remeika (1964) used a Twyman-Green interferometer to
investigate the optical homogeneity and departure from face flatness of
ruby crystals used for Iaser generation. The variation in optical path across
the crystal was about A/10 for red light. A conoscope was used to Iook for
strain butthiswas barely detectable.
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TABLE 9.4. Dislocation Density of HTS-Grown Crystals
n

~

Material

Solvent /Aux

Count

Face

Method

AI,O"
TiO,

Various
PbO /PbF,
Alkali borates
KF?

BaTiO:o
Y,AI,O,,; YaGa 6 0"
ThO,
Li,W,O,
PbF,
AI,Oa
Y,AI,O"
AI,Oa
AI,Oa
AI,O,

0 (over 1-2 cm 2 )
1()2

4

X

10 1

10 -10
2

1

10'-10'
10• ± 2

10'-1 0'
6 X 10"
PbF, /PbO/B,O:o
Bi,O:o!PbF,; Bi,O:o/BiF:o 1-10
1 X 10 1
PbO/B,O:o
PbF,

etch
{001 }
etch
etch?
etch
{0011
{110}(211} X-ray topography,'etch
{111 \
X-ray rocking curve
{001 )
etch
{11 0 J
etch
{001 }
etch
etch

10'- 10'

etch

MgAI,O.
MgAI,O.

PbF,
PbF,

50-200
0- 200

{111}

Graphite

Fe, Ni

10'

{0011
etch
other planes etch
{1()())
etch

10 3
BaTiO:o

TiO,

10

{11 1 }

X-ray topography
X-ray topography

}

-<

(fl

>-l

:>

-------

- - -·

AI,O,

Reference

t"'

Linares, 1965b
Stephens and Alford, 1964
Berkes et al., 1965
Waku, 1962
Belt, 1969
Finch and Clark, 1965
White and Brightwell, 1965
Timofeeva et al., 1969a
Janowski et al., 1965
Sahagian and Schieber,
1969
Champion and Clemence,
1967
Wang and McFarlane, 1968
Wang and Zanzucchi, 1971
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Detailed optical tcsts on rubies grown by various methods were performed by Bradford et al. (1964). A conoscopic investigation was used to
Iook for variations in the optic axis, based on thl~ disturbance of the normal
"isogyre" figure which occurs when the crystal is not perfectly uniaxiaL
(An isogyre is characterized by dark arms extending in the directions of
polarization of the polarizers, with a set of dark circles filling the othenvise
bright areas.) On the ftux-grown ruby the disturbance of the figure was
found to be very slight, and was attributed to strain near the edges of the
crystal.
The tests also included shadowgraphs produced simply by passing light
from a zirconium arc through a filter and the crystal onto a distant film.
The resulting photographs show up defects in the crystal as variations in
the intensity of the image. The shadowgraphs included some taken with
crossed polarizers, which may be expected to reveal contrast due to photoelastic effects and possibly also due to variations in the optic axis. Small
angle scattering of a Iaser beam was also used as an indication of general
optical quality; the degree of scattering depends upon the number and
nature of scattering centres in the crystal. The quality of the ftux grown
crystals was generally good, but all crystals suffered from variations in the
distribution of the chromium dopant.
Newkirk and Smith (1965) and Austerman et al. (1965) examined the
surface features and inclusions in crystals of BeO. Oblique illumination
was used to reveal the central projection associated with the inversion twin
(see Section 5.5.3) and the height of this projection was measured by an
interference method.
A fairly detailed microscopic study of defects in yttrium aluminium
garnet was reported by Timofeeva et al. (1969). Observations were made
by transmitted, reftected and by scattered light, and polarized light was
used to show the stress distribution. Refractive index variations were also
monitared using a Michelson interferometer. Theseobservations permitted
a distinction to be made between inclusions arising during growth and
those which occurred during the subsequent cooling, since the latter were
not accompanied by high stress. Many inclusions werein the form of small
particles of size less than I p.m, which were best revealed by ultramicroscopy. Crystalline inclusions of Al 2 0 3 , Nd 2 0 3 and Y 2 0a were also observed
and found to give rise to !arge stress fields.
Photoelastic stress patterns associated with dislocations were observed
by Bond and Andrus (1956) andin yttrium gallium garnet by Prescott and
Basterfield (1967). The dislocations in this material were found to be
introduced and propagated during the growth process. An example of the
use of this technique is given in Fig. 9.8, which shows the pattern in the
region of the growth centre on a (110) face of Y 3 Ga 5 0 12 • The difference in
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0.5mm
F1c. 9.8. Stress birefringent pattern on (11 0) g row th face of Y ,Ga 5 0
and Baste rfield, 1969).

12

(Prescott

strain direction in adjacent quadrants is cl ea rl y indicated, as is th e presence
of a second ary growth centrein th e right-hand quadrant .
Spectroscopy. The increasing use of crystals in Iasers ha s encouraged th e
use of optical spectroscopy as a means of characterization. A good exa mple
is th e study of optical emission spectra of CrH in ruby by Linares ( 1965b) .
The room temperature Auorescence lin ew idth was found to be th e sa me
in crystals grown by th e Ve rneuil Aame fusion m ethod as in crysta\s grown
by various Auxes . At 77 K, howeve r, rubies grown from Aux es free from
Auorine ex hibited a linew idth of less than 0.5 cm - 1, comparable with th e
best Aame fusion rub y, whi le crysta ls grown from PbF 2 or BaF 2 /AlF 3
Auxes exhibited linewidths greater th an 1.5 cm - 1 • The emi ssion studies
also revea led Auorescence due to contamination from th e crucible material,
whether platinum, iridium or rhodiumwas used. The same author (Linares,
1967) also reported spectroscopic studies of Ce0 2 and Th0 2 •
Wang a nd Zanzucchi (1971) made emission, absorption, reA ection and
transmission measurements on MgA1 2 0 4 crystals grown from a PbF 2 Aux
and also on crystals grown by the Czochralski and Aame fusion m ethods.
All crystals were found tobe transparent between 0.3 /km and 7.2 fkm, but
the Aux-grown crysta ls exhibited a much sharper absorption edge below
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0.28 p..m which was attributed to Fe impurity. Reflection measurements
were made in the range 10-40 p..m in which bands occur due to lattice
vibrations associated with the octahedral and tetrahedral sites in the spinel
lattice. The reflectivity of the flux-grown crystals was rather lower than
that of the Czochralski or flame fusion crystals, again probably because of
chemical impurities or inclusions. The emission linewidth of all the
synthetic crystals was much broader than that of natural MgAI 2 0 4 , an
observation which rules out the possible application of the synthetic spinel
as a Iaser host material.
Infraredabsorption spectroscopy was used by Wickersheim et al. (1960)
to determine the concentration of silicon in yttrium iron garnets.
9.3.2. X-ray methods
X-ray diffraction is by far the most popular method for the identification
of substances and for the investigation of crystal structure and degree of
crystal perfection. Many diffraction techniques have been developed, for
a wide range of problems. A simple approach to X-ray diffraction is
provided by the Bragg (1913) condition

71/.. = 2dhkl sin

ehkl>

where 7l is the order of the diffracted beam, ehkl the angle between the
incident X-ray beam and the atomic planes hkl which give rise to the
diffraction peak considered, dhkl the spacing between such planes and /..
the X-ray wavelength. Alternatively it may be convenient to consider the
reciprocal lattice Puz which may be envisaged by rewriting the Bragg
condition in the form (for n = 1)

.
SIO

8hkl =

1/dhkl

---zr>:

Phu

=

21/. ·

Diffraction occurs when a reciprocal lattice point passes through the
surface of the sphere of reflection from the hkl planes. The relation between the various diffraction techniques and the reciprocallattice concept
have been treated by Azaroff (1968). Azaroff also gives a clear overview
of the application of X-ray diffraction techniques to crystal structure
analysis, which is discussed in detail by Euerger (1960, 1962), Lipson and
Cochran (1966), Guinier (1962), Barrett and Massaiski (1966), and by
Stout and Jensen ( 1968).

Identification of inorganic substances by X-ray diffraction patterns. The
observation of a characteristic diffraction pattern provides a convenient
means of identification of a crystal, to demoostrate the incidence of twinning or polycrystallinity, or to determine imperfections such as stacking
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fault densities (Warren, 1969). Single crystals are normally necessary for
the identification of new compounds since indexing of powder patterns is
difficult unless the symmetry is high . If only small single crystals of less
than 1 mm are available (minimum size 0.05 mm, optimum size 0.1-0.2
mm) information on the crystal symmetry (point group and space group)
and on the unit-ceil geometry may be obtained from X-ray diffraction data
with the single-crystal diffractometer (Arndt and Willis, 1966), the Euerger
precession camera (Euerger, 1964), or the Weissenberg camera. Of the
two latter, the precession camera is preferable since it gives photographs
of the undistorted reciprocal lattice of the crystal, although the Weissenberg camera presents the complete (but distorted) reciprocal lattice. With
this information and some knowledge ot the elements present in the compound, of the density etc. it should be possible to identify any known
compound using "Crystal Data" of Donnay et al. ( 1963, 1972) or "Crystal
Structures" of Wyckoff ( 1963-1968).
One of the easiest and yet most reliable techniques to identify crystalline
phases is by X-ray diffraction of powders. Generally about 10 mg powder
of the unknown material is available so that the more convenient powder
diffraction patterns obtained, for example by the Guinier-DeWolff
camera, can be used for identification. The d-values of the lines can be
directly measured by means of a ruler, or the distances (angles) of the
diffraction lines from the primary X-ray beam are measured and converted
into the d-values. With these d-values of the 3 to 8 strongest lines a reliable
identification is normally possible by use of the Powder Diffraction File
(1973), especially with some additional chemical or physical knowledge
of the material. In not too complex cases even the constituents of mixtures
can be identified and their approximate concentrations estimated.
Since thc identification of crystals of known compounds from their
powder diagrams is generally much easier than from single crystal data,
Gandolfi (1967) has developed a camera which allows a powder pattern
to be obtaincd from a small single crystal. This technique is very useful
when crystals cannot be powdered due to their value or rarity.

Precision measurement of lattice parameters. The exact lattice constants
may be used as a measure of the composition of the crystal, since changes
in lattice dimensions are caused by substitution of ions which differ in size
from those of the host crystal. For accurate determination of lattice
constants, powder samples (optimum crystallite size of the order of 5 J.Lm)
are normally preferred. X-ray powder techniques have been reviewed by
Klug and Alexander (1954), by Peiser et al. (1955) and by Azaroff and
Euerger (1958), and the precise determination of lattice constants by
Eond's method and the refinement of the lattice constants by a least
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squares computer programme has been described by Harns (1967) and by
Segmüller ( 1970).
For the Debye-Scherrer method a powder camera of !arge diameter,
14.5 cm or more, is necessary to give good resolution. In order to achieve
the highest accuracy, corrections are necessary for the film position and
shrinkage, eccentricity of the specimen, absorption by the specimen and
divergence of the X-ray beam. Temperature stabilization is also necessary
for very high accuracy. The best accuracy which can be achieved is normally
not better than a few parts in 10 5 , so that the uncertainty in the determination is in the fourth decimal place if sufficient care is taken.
Counter diffractometers have considerable advantages over film cameras
and can give somewhat higher precision. The counter used to detect the
X-rays is normally located at a greater distance from the sample and
improved resolution is possible by the use of Sol/er slits which Iimit the
horizontal and vertical spread of the beam . In addition , use is made of th e
tendency of a divergent beam of X-rays to come to a "focus" afte1 diffraction by the specimen in the normal Bragg-Brentano arrangement. If the
counting arrangement is automated, the profile of a diffraction peak can
bc plotted very accurately. In this way Baker et al. ( 1966) were able to
measure changes in lattice parameter of 1 part in 10 7, using on-line computer control.
The geometrical arrangement of Seeman (1919) and Bohlin (1920) in
which the diffracted X-rays converge to a point can also be used to give
improved resolution in film cameras. Particularly high resolution can be
obtained if this parafocussing geometry is used together with a curvedcrystal monochromator as in the Guinier (1937) camera. Such cameras,
for instance the Guinier-De Wolff and the Jagodzinski camera, have an
accuracy approaching 1 part in 10 5 and, und er ideal conditions, even one
order of magnitude better, especially when good reference samples with
well-defined lattice constants (Si, NaCI, Al, etc.) are used. Another advantage of the two focussing camera types mentioned is that three or four
samples can be analyzed simultaneously.
As an example of the changes in lattice parameter which may be expected, Wang and McFarlane (1968) found that the lattice parameter of 7
batches of MgAI 2 0~ crystals varied from 8.0797 to 8.0848 A, with impurities in the range 10-100 p.p.m. The crystal of highest purity had a
lattice parameter of 8.0830 A.
lt is clearly preferable if measurements are performed on single crystals
since local variations in lattice parameter can be studied and the possibility
is avoided of changes brought about by strain in the process of powdering.
Isherwood (1968) has applied the double diffraction technique (Isherwood
and Wallace, 1966) to the precise determination of the lattice parameter
lU
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of yttrium iron garnet. The precision of any one measurement was
± 0.0004 A, and the lattice parameter of crystals of various impurity Ievels
and grown from a PbO/PbF 2 /B 2 0 3 fl.ux was found to vary between
12.3752 and 12.3800 A. This variation appeared to result from a change in
the Iead content of the crystals rather than the Ievel of rare-earth impurities. An interesting result of this investigation was the observation
of a departure from cubic symmetry caused by a deformation in the growth
direction, for both (110) and (211 ). A reversion to cubic symmetry
occurred on light abrasion of the crystal surfaces. This anisotropy is of
interest in the application of garnets in bubble domain devices, and is
discussed in Chapter 8.
Willoughby et al. (1971) correlated non-stoichiometry of gallium
arsenide with precisely measured lattice parameters.
Grientation oj crystals. In order to orient crystals for cuttingor for physical
measurements, optical techniques are useful when the crystal is transparent
(Bunn, 1961 ; Wood, 1963). Greater convenience and precision are obtained
when the crystal is oriented by X-ray diffraction. Although other singlecrystal diffraction techniques are frequently used for this purpose the Laue
back-refl.ection geometry is the most convenient and popular technique
for crystal orientation (Barrett and Massalski, 1966; Wood, 1963). From
Laue photographs, the symmetry may be easily obtained as weil, whereas
indexing of the Laue spots in order to obtain some structural information
has become unnecessary in view of the development of the elegant single
crystal techniques and especially of the powerful computer-automated
single crystal diffractometers (Ahmed, 1969).
9.3.3. Electron and neutron diffraction
X-rays interact with the electron shell whereas an electron beam interacts
more strongly (by a factor of about 104) with the nuclcus of the atom so
that the absorption by the sample is much stronger and only very small
crystals ( < 1 f.Lm) or very thin layers ( < 1000 A) can be examined by transmitted electron diffraction. Strongly absorbing samples can only be
examined by electron back refl.ection. Generally electron diffraction is
performed in electron microscopes with the necessary accessories. Normally
the lattice constants may be determined to no better than 1°ft1 . Electron
diffraction is especially powerful for the detection of impurities and of
unmixing, with a sensitivity of about 0.1 % depending on the distribution.
Also for the identification of the constituents of complex mixtures and for
indexing X-ray powder diagrams electron diffraction might be of help
since it produces an undistorted pattern of the reciprocal lattice which in
X-ray diffraction is only achieved by, for example, the precession method
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for the study of single crystals. Another application of electron diffraction
is in the observation of magnetic and ferroelectric domain boundaries,
although the application of electron diffraction to structure determination
is limited. The wavelength of the electron beam can be adjusted by the
applied voltage, and in the case of long wavelength (of the order of 1 A)
electrons one speaks of Low Energy Electron Diffraction (LEED) which
is used for surface studies (see Section 9.4). Electron diffraction is the topic
of the reviews of Pinsker (1953) and of Vainshtain (1960, 1964), and is
treated also in the books on electron microscopy.
In neutron diffraction (Bacon, 1962) the neutrons interact with the
nucleus and no Coulomb interactions occur. Because of the complexity
of the instrumentation and of the limited applicability of neutron diffraction
it is only used for structure determination when other techniques such as
X-ray and electron diffraction are not applicable. For example, monochromatized thermal (slow) neutrons are used for the determination of
hydrogen positions in H-containing compounds, and for the cation
distribution of elements with similar atomic weights but with different
scattering amplitudes for neutrons (e.g. Fe, Co).
Since neutrons possess magnetic dipole moments they interact with
electronic magnetic moments or electronic magnetic fields. Thus the magnetic scattering amplitude depends on the electronic structure of the atoms,
and the magnetic structures of many ferromagnetic, ferrimagnetic and antiferromagnetic materials have been analyzed (Bertaut, 1963; De Gennes,
1963; Forsyth, 1970).
9.3.4. Various physical techniques
In addition to the classical methods for the study of crystal structures
or structural aspects, several physical techniques have been used with
increased emphasis in order to obtain "indirectly" information on the
structure and on the relative positions of atoms in crystals. For example,
the point group can be determined by optical dielectric constants, acoustic
measurements, magnetostriction and electrostriction. The local symmetry
around specific atoms or ions and the local point group can be derived by
electron spin resonance (ESR, EPR), nuclear magnetic resonance (NMR),
optical absorption spectroscopy and by Mössbauer spectroscopy, whereas
magnetic symmetry properties of crystals are studied by neutron diffraction, magnetic measurements (of susceptibility, saturation magnetization,
magnetic anisotropy and magnetostriction), NMR, Mössbauer spectroscopy, and the Kerr and Faraday effects. By several of the above-mentioned
techniques it is possible to analyze the cation distribution in, for instance,
spinels or garnets and so to study order- disorder phenomena.
In several cases critical temperatures and pressures at which crystallo-
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graphic, magnetic or electronic phase transitions occur can help in the
characterization. Such critical data are obtained with the polarizing
microscope, by X-ray, neutron or electron diffraction, by calorimetry
(differential thermal analysis DT A or measurement of specific heat), by
measurement of the magnetic or dielectric susceptibility, by determination
of the resistivity or the thermoelectric power, of dilation and elastic
constants, or by EPR, NMR and Mössbauer spectroscopy under the
appropriate conditions. Only the most important or popular phenomena
which are sensitive to phase transitions have been mentioned and many
other physical properties and phenomena are sensitive to phase changes.
Several of the physical techniques are discussed briefly in connection with
defects (Section 9.4.5).
9.3.5. Determination of material constants

A complete description of a material contains its physical properties,
thermodynamic data, and chemical properties. These properties are
related to the structure, but most of them are too unspecific or cannot
be measured with the necessary accuracy in order to obtain information
on the structure. The exceptions have been mentioned in previous sections.
Many properties are, of course, very sensitive to speci.fic deviations from
the ideal structure or composition. For example, by precise determination
of the density a deviation from stoichiometry or the presence of vacancies
can be detected, and mechanical properties such as hardness, ductility,
tensile strength or elasticity are sensitive to dislocations and other imperfections. The melting point, vapour pressure and other thermodynamic
data are useful and often necessary if an optimum choice of a crystal growth
technique and crystal growth parameters has to be made. Also chemical
corrosion behaviour, the thermal expansion coefficient and many other
properties not mentioned above might be of value to potential crystal users
and to other crystal growers and should be published when they are
measured. Most of such measurements, however, are only meaningful
when the material is sufficiently characterized by its chemical composition,
by its structure and by inhomogeneities and defects.
9.4. Defects in Crystals and their Determination
9.4.1. The nature of defects in crystals

In Table 9.5 are listed the more important defects which may be found in
crystals grown from high-temperature solution (and in crystals generally).
The Iist is not exhaustive and the classification not perfectly rigorous, but
no system of classi.fication is ideal. The defects could alternatively be
grouped into chemical defects, such as foreign atoms and nonstoichiometry,
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TAHLE 9 . .5 . Defects in C rystals
Point Defects
Schottky defect (vacancy)
Frenkel defect (interstitial and compensating vacancy)
lnterstitial atom
Foreign (substitutional) atom
Colour centre
Line Defects
Dislocations
Planar Defects
Low angle boundaries
Stacking faults
Twin boundaries
Bulk Defects
Mosaic structure
Cornpositional inhornogcncity, striaticHlS

lnclusions (solid, liquid or gas)

and physical defects such as dislocations and twin boundaries. Defects in
general have been treated by Van Bueren ( 1960) and Bollmann ( 1970).

Point defects . Vacancies are unoccupied sites in the crystal lattice. The
majority of vacancies in alkali halides are Schottky defects which are in
thermodynamic equilibrium with the lattice and arise because ofthermal
fluctuations. The concentration of Schottky defects increases exponentially
with temperature according to n"/NR::J exp - (..:::JGv /kT) with nv/N the ratio
of vacancies to atoms and with ..:::JG ., the heat of formation of a vacancy.
The vacancy concentration becomes particularly significant as the melting
point is approached. Cation vacancies are compensated by anion vacancies
in charge-compensated systems. Another type of vacancy is compensated
by an interstitial atom in the neighbourhood of the vacancy, and this is the
Frenkel defect. The number of Frenkel defects is gi ven by
n = (NN') 1; 2 • exp ( -..::1Gpj2kT)
with N ' the number of possible interstitial sites and ..:::JGF the heat of
formation of a Frenkel defect. Nonstoichiometry can be produced by a high
concentration of vacancies. The crystal then contains an excess of cations
or anions rather than exhibiting a simple cation-a nion ratio. Compounds
of the transition metals are particularly prone to departures from stoichiometry according to their stability range and, for cxample, the Fe: 0
ratio in "FeO" can show )arge departures from unity depending on the
partial pressure of oxygen in the growth atmosphere and to the grovvth
temperature.
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Frenkel defects are formed during growth or during heat treatment by
the migration of atoms from their normallattice sites to interstitial positions.
The concentration of such defects, as of Schottky defects, is clearly lower
in crystals grown from HTS than in crystals grown from the melt.
Foreign atoms will be present in any crystal to a greater or lesser extent
according to the effective distribution coeffi.cients, to the purity of the
chemieals used and to the solvent from which the crystal was grown. The
impurity atoms will usually be present substitutionally in a site normally
occupied by the atoms in the host lattice, but they may be in interstitial
sites. The dependence of the impurity concentration on the choice of
solvent has been discussed in Chapter 3.
Colour centres are light-absorbing point defects (F-, V-centres etc.),
which may be present in (nonstoichiometric) compounds. For example,
if sodium chloride contains an excess of sodium compared with the chlorine,
the excess sodium will be present as anatomrather than as a Na + ion. Thc
valence electron of the sodium atom, located in a CI - vacancy, will have a
characteristic absorption in the visible range and so will produce coloration
of the crystal. Colour centres may also be introduced by the presence of
certain impurities, or by bombardment of the crystal by ionizing radiations.
Complex centres may be formed by groups of simple colour centres or by
the trapping of electrons by pairs of ions. An exciton is a neutral, mobile
excited state of a crystal, usually a bound electron-hole pair. The term is
sometimes used more generally for any local excited state.
Monographs on point defects have been written, for example by Van
Eueren (1960), Krögcr (1964), Schulmann and Compton (1962), Markharn
(1966), Fowler (1968) and by Crawford and Slifkin (1972).
Dislocations. Strain in the crystal will cause displacements of atoms from
their equilibrium positions. The magnitude of such displacements will
depend on the severity of the strain, which may result in dislocations and
other defects. A !arge number of books and reviews on the theory, the
effects and the detection of dislocations have been published. As examples
the books of Van Eueren (1960), Cottrell (1953), Friede! (1964), Hirthand
Lothe (1968), Nabarro (1967), Read (1953), Rosenfield et al. (1968) and
Simmons et al. (1970) (see also Discussions Faraday Society (1964) on the
theory or general aspects of dislocations) are cited, whereas monographs
on dislocation detection techniques will be mentioned under electron
microscopy, etching, X-ray topography etc.
Dislocations occur at regions in the crystal where adjacent planes of
atoms fail to meet perfectly. They may be classified as edge or screw dislocations according to whether the lattice displacement is perpendicular
or parallel to the slip direction. The importance of screw dislocations for
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the nucleation of layers on the surface of the crystal is discussed in Chapter

4.
Measurement of the dislocation density (the nttmber of dislocations per
unit area of crystal) gives a valuable indication of the perfection of the
crystal. In Table 9.5 are listed a number of determinations of the disJocation density in HTS-grown crystals. The normal value is between
10 and 10 4 cm - 2 which is lower than the average for melt-grown crystals.
Examples are quoted where crystals have been grown dislocation-free or
containing !arge regions without measurable dislocations. Evidence from
a !arge number of investigators indicates that dislocations are normally
generated either on nucleation or seeding, or by solvent inclusions. Figure
9.9 shows etch pits which correspond to dislocations generated by a solvent
inclusion in a tantalum carbide crystal (Rowcliffe and Warren, 1970). The
rclation between inclusions and dislocations will be discussed in more
dctail in section 9.4.6. In addition, Wagner (1967) has noted that silicon
whiskers produced by the VLS method are dislocation-free. The dislocation
density of epitaxial films of III - V semiconducting materials depends
primarily on that of the substrate crystal but a reduction by typically a
factor 3-10 is normally observed in the regrown layer.
Decorated dislocations occur when the dislocations act as nucleation
centres for the precipitation of some solid phase. The decoration may
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F1c . 9.9. Etch pits around a solvent inclusion in TaC (Rowcliffe and vVarren,
1970).
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occur during growth of the crystal or may be deliberately produced subsequently as a means of revealing the presence and distribution of the
dislocations.
Misorientation. Strain may also result in the separation of the crystal into
many crystallites each of which is misoriented with respect to neighbouring
regions by a small angle, typically a few minutes of arc. The crystal is then
said to exhibit a mosaic structure with the relatively perfect mosaic blocks,
about 500-5000 units cells in diameter, separated by the small misorientation boundaries. If the crystallites and misorientations are !arger, the
terminology is changed and the crystallites are referred to as grains. The
low-angle grain-boundaries between such grains may be formed from a
number of dislocations, as illustrated in Fig. 9.10. The dislocations arise
since some planes of atoms must terminate at the boundary and an edge
dislocation will run through the crystal normal to such terminations, as
shown in the diagram.
The rather simple situation shown in Fig. 9.10 rarely occurs in practice

.l

.l

-

l.

-

F1c. 9.1 0. Simple tilt boundary with edge dislocations denoted by the symboll..
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since the misorientation between neighbouring grains may have a component normal to the plane of the diagramo The misorientation may be
resolved into a tilt component in the plane of the grain surface (as in Figo
9010) and a twist component normal to this surfaceo Twist boundaries will
generate screw dislocations, whereas tilt boundaries generate only edge
dislocationso A detailed discussion of grain boundaries has been given by
Read (1953), Nabarro (1969) and by Chaudhari and Matthews (1972)0
Table 906 shows data by a number of investigators on the misorientation
TABLE 9.6. Lattice Misorientation in HTS-Grown Crystals
Material

Solvent

Misorientation

Reference

Method
-

22"
PbO . B,O,;
PbO ." PbF,
3'
ThO,
Li,W,O,
·. 2'
Al,O,.
PbF,
PbF,
20"
Al,Oa
10'
KNbO,. K,CO"
LaAlO, PbO / PbF ,/V,O, 6"
Al,O"

-

·- - - ·

X-ray double crystal Berkes et alo, 1965
X-ray linewidth
X-ray topography
X-ray topography
Neutron diffraction
Neutron diffraction

Finch and Clark, 1965
White and Brightwell, 1965
Champion, 1969
Hurst and Linz, 1971
Kjems et al., 1973

measured in some HTS grown crystalso The best value which has been
realized in practice is seen to be about 10 seconds of arc, although an
improvement by perhaps a factor 3 might be expected for crystals grown
under very stable conditionso
Twinningo Twin boundaries occur between the components of a composite
crystal when these components are related in a simple crystallographic
manner. Of particular interest to the crystal grower are growth twins which
are formed during growth rather than during subsequent deformation of
the crystal. Examples of the influence of twinning on the growth mechanism
have been discussed in Chapter 5 and particularly in Section 40140
Stacking faultso Stacking faults are irregularities in the sequence of atomic
layers which cause departures from the arrangement in a perfect latticeo
For example, if in a perfect lattice the repeat units are stacked in a regular
sequence Vß Vß Vß 0 0 0 and so on, the insertion of an extra plane would
result in a sequence such as Vßß Vß Vßo 000 The relative ease of formation
of such faults depends strongly on the type of structureo Stacking faults may
be determined by X-ray diffraction (see Section 90302) and other techniques,
and have been reported in a number of HTS-grown crystals, for example
by Belt (1967), Cook and Nye (1967) and Wang and McFarlane (1968).
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Inclusions are regions within the crystal occupied by some phase other
than that of the host crystal. There are a great variety of types of inclusion
which may form either during growth or during subsequent cooling to
room temperature. lnclusions which are formed on cooling due to a
decreasing solubility in the crystal of some solid are referred to as precipitates. Foreign partie/es of various kinds may be trapped by the growing
crystal if they are present in the solution. lnclusions of platinum meta! are
quite common in crystals grown from fl.uxed melts, particularly if the fl.ux
has a fairly high solubility for platinum. Gas and liquid inclusions are
comparatively rare in solution-grown crystals but are observed frequently
in naturally occurring minerals.
The most serious defects in HTS-grown crystals are often solvent
inclusions, which tend to form whenever growth becomes unstable (see
Chapter 6). Solvent inclusions may be classified as follows (Wilcox, 1968;
Elwell, 1975):
(a) Filled-in dendrites. The initial growth following spontaneaus nucleation
is frequently "dendritic" with arms extending along the fast growth
directions and a very high concentration of inclusions may be trappcd
as facets form and join up the ends of the dendrite arms. Such inclusions have been very widely observed, for example by Doughty and
White (1960) and Giess ( 1962) (see Fig. 4.28a).
(b) Veils. These are thin sheets of small inclusions which may have a
variety of origins. The mechanism of formation of stan·ation veils was
described by Carlson (1959). These are due to a low Supersaturation
at the centre of a crystal face such that layers spread from corners and
edges of the face and overgrow the central region, trapping inclusions
there. Veils may also arise due to cracks which develop during growth
and which enclose a film of solvent as the crack heals by subsequent
growth. The film then tends to break up into a m1mber of tiny droplets.
The formation of such veils has been filmed by Powers (1970) during
observations of sucrose growth from aqueous solution.
(c) Ghosts. Theseare oriented veils, parallel to a natural face of the crystal.
They form at various stages during growth and so trace out the development of the crystal, hence the name. Ghosts, or less regular veils,
may form when growth occurs erratically in a periodic sequence of
relatively rapid and unstable growth followed by an intcrval of stable
growth at lower supersaturation.
(d) Clouds. lnclusions are sometimes observed not in bands but in localized
"clouds" or aggregates of very fine particles, of say, less than 1 p..m
diameter. Such clouds have been observed, for example, by Timofeeva
et al. (1969b ).
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(e) Fjords are narrow channels of inclusions which are trapped between
fine projections, a good example being shown in Fig. 6.13. The projections of the crystal may be in a direction perpendicular to the growth
direction, if growth is erratic as described in the previous section, or
normal to the crystal surface. The tendency of an interface to develop
an instability which exhibits a regular periodicity was described m
Section 6.3.
The nature and concentration of solvent inclusions depend on the conditions of growth, and these inclusions can be eliminated completely if
growth occurs under stable conditions. These conditions have been discussed extensively in Chapters 6 and 7.
9.4.2. Optical methods
Optical techniques as described in Section 9.3.1 may be applied to the
detection of many of the defects mentioned above. The handling of crystals
for optical studies has been described in Section 9.3.1 so that in the
following only a brief summary of the potential of optical methods for the
detection of defects will be given.
Optical absorption spectroscopy allows the detection of a variety of point
defects. Optically active vibrational modes near atomic point defects show
IR isotope effects, whereas optically inactive vibrational modes show the
Raman effect for the case where a sufficient concentration of point defects
(10 1 n cm - 3 ) is present. Luminescence (Auorescence, phosphorescence,
thermoluminescence) and photoconduction are relatively sensitive ( ,..._,10 10
cm - 3 ) to specific point defects. Optical microscopy is useful for the detection of decorated dislocations or of etch pits and allows in favourable
cases the detection of 1 line defect per square micron ( spatial resolution
1 f.Lm). Twinning and low-angle grain-boundaries rnay be seen in the
polarization rnicroscope or by optical reflection on the as-grown or on the
etched faces. Optical techniques for the detection of inclusions are presented
in Section 9.4.6.
9.4.3. X-ray topography
A simple rneans of assessrnent of the perfection of a crystal is provided by
the size of the spots in a normal X-ray single crystal diffraction pattern or
Laue photograph. If mosaic structure causes a spread in the lattice pararneter
over a range of values iJd, the spots will have an angular width given by
differentiation of the Bragg condition as

iJd
iJII = - tan II d . .
Thc width iJII is greatest for high values of tan II, and so the degree of
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imperfection is best determined from back reflection photographs. The
directional variation of the imperfection may be assessed by rotating the
crystal, so that back reflection photographs are obtained for a number of
orientations. An extensive discussion of the use of conventional X-ray
crystallography for appraisal studies has been given by Guinier (1962).
Laue photographs may also be used to demoostrate the existence of
twinning and the presence of precipitates or inclusions, but only when
these are present in concentrations of about 2-5 % . The sensitivity to
defects is, however, inferior to that obtained by X-ray diffraction topography which has been particularly developed for crystal quality appraisal
studies.
X-ray topography is the examination by X-ray diffraction of the surface
or bulk of a crystal, either of a particular region or of the whole crystal.
The term embraces a variety of techniques which are distinguished from
studies using, for example, the size of the Laue spots in that the region of
the crystal which produces each part of the image can be identified. An
X-ray topograph is thus a representation of the crystal which is sensitive
to imperfections of the crystallattice.
The techniques of X-ray topography have been reviewed by Barrett
(1967), Bonse, Hart and Newkirk (1966) and Lang (1970) and the arrangements of source, crystal and film which have been most widely used are
shown in Fig. 9.11.
The simplest arrangement is probably that due to Schulz (1954), shown
in Fig. 9.11(a). A beam of white X-rays diverging from a point source is
diffracted by a crystal inclined at about 25 ° to the beam. The image is a
series of Lauespotsand is about the same size and shape as the crystal, and
faults in the crystal cause gaps or overlap regions in the image. White
radiation is used so that there is no major variation in intensity due to the
different angle of incidence of the beam on various regions of the crystal.
The exposure time \vith this technique can be very short, of the order of
minutes, but the sensitivity and resolution are poor. A similar technique
using transmitted radiationwas proposed by Guinier and Tennevin ( 1949).
Figure 9.11(b) shows the arrangement for the Berg-Barrett technique
(Barrett, 1945) which uses monochromatic radiation from a collimated line
source. The photographic plate in this case is mounted very close to the
crystal, in order to minimize doubling of the image due to K,, and K,,
radiation and to obtain maximum resolution. Typically, the source to
specimen distance is 30-50 cm and the specimen to film distance is about
1 mm. N ewkirk ( 1959) was able to achieve a resolution of about 1 f.Lm and
so resolve single dislocations. The area of specimen irradiated is about
1 mm 2 and the size of the image about 5-10 mm 2 , depending on the angle
of incidence of the beam. Relatively soft radiation may be used and this
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has the additional advantage that the photographic emulsion may be thin,
so that it is not essential for the beam to strike the film normally. Other
topographic methods require nuclear emulsions, and dense emulsions may
be necessary to achieve convenient exposure times.
The Berg-Barrett technique is the most widely used reflection method
and is particularly suitable for the rapid examination of crystals in order
to distinguish good quality crystals from those containing a high concentration of defects. A similar method may be used for transmitted diffracted
radiation (Barth and Hosemann, 1958).
The double-crystal spectrometer (Bond and Andrus, 1952; Bonse and
Kappler, 1958) shown in Fig. 9.11( c) uses Bragg reflection at a relatively
perfect crystal C 1 and then from the specimen C 2 before the radiation
reaches the film F. Similar materials are used for C 1 and C 2 so that the
result is substantially independent of the spread LL\ of the radiation used.
The intensity pattern of F is very sensitive to local misorientations in the
crystal C 2 , and changes in interplanar spacing of about 1 part in lOH can be
detected.
The most popular method of X-ray topography is probably that due to
Lang (1957), shown in Fig. 9.11( d). A narrow beam of characteristic
radiation is diffracted by the crystal and a screen S is set so that only the
diffracted beam reaches the photographic plate F. The orientation of the
crystal slice is such that the diffracting planes are approximately normal
to the faces of the slice. A topograph of the whole slice may be obtained
by traversing the sample and film simultaneously across the stationary slit.
The maximum resolution of the Lang technique approaches the
theoretical Iimit, typically a few f.Lm, which is related to the effect on the
diffracted image of the region araund the highly strained "core" of the
dislocation. The area of which X-ray topography will detect the dislocation
depends on the width of the rocking curve for the perfect crystal and so on
the wavelength and order of the reflection (Authier, 1967, 1970). The
resolution is clearly much less than that possible with transmission electron
microscopy but this disadvantage is more than compensated by the greater
penetrating power of X-rays and the relative absence of damage produced
by the beam itself. The attainment of optimum resolution requires a highly
collimated beam, produced either by a microfocus generator or by use of a
lang source-to-crystal distance. The beam must be sufficiently narrow that
it acts as its own collimator, \vith only the image due to say K,, radiation
being recorded on the plate.
A phenomenon which has also been used in transmission topography is
that of anomalaus transmission (Borrmann et al., 1958). In a perfect crystal
the incident and diffracted waves form a standing wave pattern fitting onto
the atomic planes. The energy transport of the wave field depends on the
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position of the antinodes of this pattern and anomalously low absorption
"ill occur if the antinodes lie bet\\·een the planes. A perfect crystal will
therefore transmit X-rays at a thickness which would absorb nearly all the
energy in the absence of the interfcrence between thc incident and diffracted
beams. Any imperfection in the lattice causes a reduction in the intensity of
both the diffracted beam and the beam which is transmitted in the direction
of incidence, and both these transmitted beams may be used to obtain
topographs, see Fig. 9.1l(e).
Contrastin the image obtained in X-ray topography is caused by a local
departure from the Bragg condition and by its gradient (Authier, 1966).
Even when the distortions are not so great, "dynamical contrast" due to
bending of the difhacted beam and to a shift of energy between incident and
difhacted beams may be observed in reftection and transmission methods,
respectively. The contrast in dynamical imagcs will differ from that in the
direct images ancl the theory of image contrast in X-ray topographs is
rather complex. A rcvievr of this topic has been given by Authier (1970).
Table 9.7, which is taken from the review of Bonse et al. (1966), gives a
comparison between the various techniques of X-ray topography. The
table summarizes the practical advantages and clisadvantages of the techniques describecl above and includes information on the types of clefect for
which each is most suitable.
Many examples of X-ray topographic studies of HTS-gro\vn crystals
have appearecl in the literature, and these have often provided clata which
have been invaluable for an understancling of the growth mechanism.
Austerman et al. (1965) obtainecl both Berg-Barrett and Lang topographs
of BeO crystals grown from a Iithium molybclate ftux. These topographs
showecl the boundary of the twin core and confirmecl that the twin boundary
intercepts the growth face at the base of a conical feature, so forming a reentrant angle. Parallel bancls were observed crossing the crystal at rather
irregular intervals along the core axis. Radial bands were also noted on the
oxygen-rich siele of a transverse section, but not on the Be-rich siele,
suggesting that these are caused by a stress fiele! associatecl with the twin
core. The other notable feature was a screw dislocation forming a helix
of pitch 200~500 A along the axis of the crystal.
Wallace and White (1967) studied the growth of Al 2 0 3 crystals from
PbF 2 ftux by Lang topography, ancl clearly clemonstrated the existence of
twinning, the importance of which to the habit of alumina crystals was
discussecl in Chapter 5. Striations arising from imperfect temperature
control werc also observecl. Champion (1969) used the Berg-Barrett
technique to compare the perfection of Al 2 0 3 crystals with those grown by
the Verneuil method, ancl established that the misorientation in the ftuxgrown crystals was less than 20 seconds of arc.

Vl

TABLE 9.7. Comparison of X-ray Topographie Techniques

N

..j>..

Technique

Schulz;
Guinier and
Tennevin

Berg-Barrett

Double crystal

Scanning transmission
(Lang)

Wide beam transmission
(Barth and Hosemann)

(")

::tl

-<

...,rn

>

apparatus

simple

exposure time
defect for which
technique is most
suitable

10-25 hr
grain misorientation,
subgrains

best resolution
sensitivity to
deformations
sensitive to
sense of
deformations
thickness t of
specimen
contributing to
topograph
dislocation
imagewidth
upper Iimit of
dislocation
density

50 p.m
low
tilts: yes
inhomogeneaus
deform: no
s~s p.m
G & T 50-100 l"m

simple

complicated

p. 0 t

> 10

simple
-10hr

p. 0 t

< lOt

p. 0 t-3

P.of

< 1t

complicated
2-10 hr
subgrains,
dislocations,
stacking
faults
1 p.m
low

0

l1"m
low

lp.m
high

lp.m
high

simple
complicated
10-30 hr
-1 hr
subgrains,
dislocations, dislocations
stacking
faults
lp.m
1p.m
low
high

subgrains: yes
dislocations:
no

yes

yes

no

yes

no

~

1-Smm

0-2mm

0.1---+5 mm

0-2mm

m
3:
."
m
::tl
...,>
c:::
::tl
m

up to 150 p.m

1---+lOp.m

0

5

5

-1 hr
subgrains,
dislocations

-1 hr
subgrains,
dislocations,
stacking faults

dislocations

::tl

0

...,~
::c
..,.,
::tl

0

3:
::c
0

::cI

~ Sp.m

5 p.m (ref.)

...,

~300 p.m

(transm.)
1- Sp.m

up to 150 p.m

;:;SOp.m

-s p.m

5

10'•

5

5 x

X

10"

X

10

3

to•

rn

X

10

3

X

10

r'

c:::
...,
6

0

z

rn

t

p. 0

is the absorption coefficient of the material.

9·

CHARACTERIZATION

525

Bclt (1967) examined Iithium ferrite crystals grown from a Pb0/B 2 0 3
flux by means of Lang topography. Highly perfect regions were found,
tagether with defective areas mainly associated with flux inclusions on the
{111} habit planes. Additional cantrast observed in the crystals was
attributed to strain or impurities in {110} planes and to stacking faults on
{111}. The same author (Belt, 1969) made a careful study of defects in
Y 3 Fe 5 Ü 12 and YaGa 5 Ü 12 crystals by etching and topography and showed
that etch pits are not necessarily associated with dislocations. The crystals
exhibited microscopic parallel bands, located principally on the fast
growing {100} and {111} planes. Defects clearly identifi.able as dislocations were also present and possible Burgers vectors determined. The
origin of the bands was difficult to ascertain, but impurities and strain
arising from thermal fluctuations were thought to be responsible for these
defects.
Basterfield and Prescott (1967) used Lang topography to investigate the
domain structure in TbaFe 5 0 12 , but did not comment in any detail on the
perfection of the crystals studied. Stacy and Talksdorf ( 1972) compared
.\.-ray topographs of magnetic garnet crystals with the domain structure
detected optically by means of Faraday rotation. The domain pattern was
found to be correlated with strain which was responsible for a non-cubic
magnetic anisotropy.
MgAl 2 0 4 was studied by Wang and McFarlane (1968) using the Lang
method. The topographs showed dislocations, in low concentration, and
striations leading to strain along the ( 111) directions, normal to the growth
facets. Precipitates surrounded by an isotropic strain fi.eld were also observed, tagether with stacking faults.
The Borrmann technique of anomalaus transmission topography has
been comparatively little used in appraisal studies but a good example of
its use was described by Wolff and Das (1966). They employed this
technique to confirm the improvement in perfection of the GaSb layer
grown by the travelling solvent method compared with that of the seed
crystal. The regrown material had a dislocation density of 3 x 10 3 cm- 2
and the topographs showed that the elimination of 70 % or more of the
dislocations present in the seed was due to the formation of closed loops or
half loops, or a transformation to propagation in a direction perpendicular
to the growth direction. This elimination occurred in the fi.rst 100 ,um of
regrown material. Examples of X-ray topographs of crystals grown from
solution are given in Section 9.5.
9.4.4. Electron microscopy. LEED

Continuous advances in Iransmission electron microscopy haYe led to its
increasing use, particularly for studies requiring high magnification.
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Lattice planes with spacings of about 3 A have been resolved, and techniques for the resolution of heavy atoms in a rigid matrix are being developed. The main Iimitation of electron microscopy arises from sample
preparation. Because of the low penetrating power of electrons, samples
for 100 kV electron microscopy have to be thinner than 500 to 5000 A
depending on the material. In the recently developed high-voltage electron
microscopes with accelerating voltages up to several MV, thicker samples
up to a few microns can be used but resolution decreases with sample
thickness. However, high-voltage electron microscopy is useful for the study
of precipitates, although its application in the study of mixed phases is
limited by the difficulty of preparation of thin samples.
Sampie preparation techniques are described in Section 9.3.1, and
special thinning techniques (chemically by a jet of etching solution or
physically by ion bombardment at low angles) have been developed.
Literature on electron microscopy is extensive and includes the books of
Heidenreich (1964), Thomas (1962), Amelinckx (1964), Nicolson et al.
(1965), Hawkes (1972), Thomas et al. (1972) and the review of Phillips and
Lifshin (1971 ). Murr (1970) has described the applications of electron
optics in materials science. In the following, examples of applications of
electron microscopy in the characterization of HTS-grown crystals are
g1ven.
Lefever et al. (1961) used transmission electron microscopy to investigate the nature of striations in yttrium iron garnet. They were able to
demoostrate that the bands contained a relatively opaque material in the
form of fine particles, about 0.1 fLm in diameter. Electron micrographs of
sma/1 particles of BaTi0 3 were used by Nielsen et al. (1962) in an investigation of the nucleation on such particles of the "butterfly twin" crystals.
An alternative to the use of thinned samples is to make a thin-film
replica of the crystal surface either in the as-grown or etched condition.
Replication imposes a Iimit on the resolution of features and introduces
uncertainties in interpretation. Resolution with the etch pit method for
the determination of dislocation densities is, however, much higher than is
possible with the optical microscope (Boswell, 1957). Replication was used
by Lefever et al. (1961) in their study of banding in YIG and they were
able to use the resulting high magnification to show the form of the precipitate in the impurity bands. Newkirk et al. (1967) studied surface
features at twin boundaries of BeO crystals by a replica technique.
Cook and Nye (1967) examined replicas of the surface features on
crystals of hexagonal ferrites as weil as of cleaved and etched surfaces. They
were able to observe stacking faults and also the nature of the inclusions.
A systematic study of the stacking faults and the layered structure of
hexagonal ferrites by combined X-ray diffraction and electron microscopy
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has been reported by Kohn et al. (1967), and Savage and Tauber (1967)
describe the growth of complex hexaferrites and X-ray identification of the
layer types.
The electron microscope with appropriate accessories may also be used
in the investigation of crystal perfection by electron diffraction, particularly
in the identification of dislocations and stacking faults. The diffraction
pattern for a crystal at known orientation is compared either with a computed micrograph (Humble, 1970) or an optical transform (Taylor and
Lipson, 1964). Differences between ideal and observed patterns may be
analyzed to identify the types of defect.
Scanning electron microscope. The scanning electron microscope (SEM)
differs strongly in concept from the transmission electron microscope, and
has a resolution intermediate between that of the latter and that of an
optical microscope, namely of about 100 A at present. In the normal mode
of operation, electrons accelerated by a potential of 5- 50 kV are directed
onto the sample, and scanning coils cause the beam to move across the
specimen surface in a square raster. The secondary electrons which are
emitted from the specimen strike a collector electrode and the resulting
current is amplified and used to modulate the brightness of a corresponding
spot which is displayed on a cathode-ray tube. The time associated with
emission and collection of the secondary electrons is negligible compared
with the time of the scan, and so the number of secondary electrons
collected from any point on the specimen is determined only by the
"brightness" ofthat point. Image cantrast can, in fact, arise from a number
of factors, particularly surface topography, atomic number, electrical
conductivity, specimen orientation and electric or magnetic fields . The
scanning electron microscope has no imaging Jens and magnification
depends only on the ratio of the sizes of the raster on the cathode-ray tube
and that on the specimen. The minimum spot size, and hence the maximum
magnification, is determined by aberration in the electron lenses. Practical
limitations in resolution are set by the number of lines in the raster, the
time of recording and noise in the instrument, and magnifications greater
than 20,000 times are rarely used.
The great advantage of the scanning electron microscope is its very !arge
depth of focus, which permits convenient observation of relatively !arge
features on a crystal surface. (The instrument is therefore complementary
to the interference microscope which has high sensitivity to surface topography.) The other advantage is that the SEM can be used in a !arge
number of modes, and alternative images obtained, for example from
reftected electrons or from monitaring the current through the specimen.
Reviews of the principles, modes of operation and applications of SEM
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have been given by Kammlott (1971), Booker (1970), Reimerand Pfefferkorn (1973), Thornton (1968) and by Oatley et al. (1965), while Minkoff
(1967) reviewed the applications of SEM in materials science.
Since the image formed using secondary electrons is obtained from the
first 10-100 atomic layers, the SEM is used mainly in the study of surface
features rather than of defects inside the crystal (see, for example, Elwell
andNeate, 1971).
Aceesseries to electron microscopes allow analysis of the characteristic
X-rays produced by the electron beam so that electron micrographs and
eiemental analysis by electron probe microanalysis can be made from the
same spot on the sample. Such a combination of techniques is very valuable
since under high magnifications the localization of special features on the
sample is extremely difficult.
Another way of obtaining information on composition and the type of
bonding is to analyze the energy distribution of secondary electrons using
special accessories to the electron microscopes, as described in Section
9.2.2.
Photo-emission electron microscopy (PhEEM). As described in Section
9.2.2, the energy distribution of the emitted electrons excited by photons
can be used for chemical analysis. By a geometrical arrangement of electron
Jenses corresponding to that of an electron microscope the emitted electrons
give an enlarged picture of the sample surface. The principle is shown in
Fig. 9.12. Cantrast in the image is given by the specific electron emission
of various ( chemical) materials, but the electron emission is also dependent
on the crystallographic orientation and on defects. Topographie cantrast
locally distorts the electrical field, and therefore carefully polished samples
should be used. In order to prevent contamination, surface cleaning, for
example by a short ion bombardment, a high vacuum, and heating the
sample to temperatures over 250°C, are necessary or advantageous. The
photo-emission electron microscope has only been developed recently
(Wegmann, 1969, 1970), but its successful application to various characterization problems in conducting samples and in insulators has been
demonstrated (Weber, 1972; Wegmann, 1972).
A composition of PhEEM with SEM has been given by Bode et al. ( 1971 ),
and its use for quantitative measurements is discussed by Wegmann and
Dannöhl (1971). Lateral resolution in PhEEM is of the order of 150 A,
and the electrons originate from a maximum depth of about 100 A.
Examples of photo-electron emission micrographs are shown in Fig. 9.13.
In (a) a corner is shown of a polished natural crystal of Sn0 2 , and the
intensity changes are due to a variation in the Fe content. The cantrast in
(b) which shows the surface of a graphite crystal, is mainly topographic
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9 .12. Photo-emission electron microscope ( diagrammatic).

and this photograph demonstrates the potential of PhEEM for studies of
surface features.
Field-emission microscopy and field-ion-emission microscopy developed by
Müller allow resolution of single heavy atoms and are used for the study
of defects but their application is limited to refractory metals and alloys .
The latter technique has been reviewed by Bowkett and Smith (1970) and
by Müller and Tien Tzou Tsong (1969).
Low-energy electron diffraction (LEED). LEED provides structural information on the first two or three atomic Ievels. This implies that very special
preparation techniques and ultra-high vacuum have to be used. Frequently
the interpretation of LEED patterns is difficult because of surface darnage
introduced during sample handling or by electron impact. So LEED and
the recently developed reflection-mode high-energy electron diffraction
(RHEED) are mainly used for the study of adsorption layers, surface
reactions and crystallite reorientation in surface layers (Somorjai, 1969;
Marcus, 1969; Jona, 1970; Estrup and McRae, 1971). Very Iittle application of electron-diffraction techniques for characterization of flux-grown
crystals and layers has been reported.

(a)

(b)
F1 c. 9.13. Photo-electron emission micrographs . (a) Cassiterite S n0 2 , showing
va ri ati on m F e con ten t . (b) Graphite, showing g rowth hillocks (Wegmann,
1972).
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9.4.5. Miscellaneous physical techniq ues
The assessment of crystal perfection is often made by a wide variety of
physical measurements other than the optical and more general techniques
described above. These measurements are often specific for the type of
material considered and the information obtained is supplementary to that
obtained by such methods as X-ray topography, and should not be considered as a substitute for a general study of crystal perfection. Table 9.8
lists the property measurement techniques as classified by Laudise et al.
( 1971 ).
However, one powerful technique for the detection of impurities
(or ions possessing an unfilled electronic shell) and for the detection of
colour centres should be particularly mentioned here, namely, electron
paramagnetic resonance EPR (or ESR for electron spin resonance). Since
ions of more than half of the elements of the periodic tabl e have incomplete
shells (e.g., the transition meta! ions) EPR absorption can be used to
identify a number of these ions when they are diluted in a diamagnetic
TABLE 9.8 . Property Measurement Techniques
1 . Electric field
Resistivity
Dielectric constant

2. Magnetic field
Magnetic susceptibility
Coercive force
Uniaxial anisotropy

3. Gravitational field
Density

4. Optical field
Refractive index
Birefringence
Spectroscopic absorption (bandgap)

5. Thermal field
Thermal conductivity
Heat capacity and heat of transition
Thermal expansion

6. Stress field
Elastic moduli
Mode of permanent deformation

7. Multiple fields
Coefficients
Thermoelectric, photoelectric, photoelastic, elasto-optic, piezoelectric,
pyro-electric, electro-optic, acousto-optic, magneto-optic, lifetime of
carriers, mobility of carriers, residual resistance ratio, electroluminescence,
photoluminescence
Transitions
Superconducting temperature, Curie temperature, phase-matching temperature, spin reorientation temperature
Resonance
Nuclear magnetic, paramagnetic, Mössbauer, cyclotron, nuclear double
resonance
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crystal. The g-factor (magnitude of splitting of the groundstate Ievel by
an external magnetic field), the Iigand field splitting, the nuclear hyperfine
splitting and the spin-lattice relaxation time are characteristic of a paramagnetic ion and its local symmetry. Due to the high sensitivity of EPR
the transition meta) ions can be detected in the concentration range of
p. p.m. to a few percent. Limitations of the application of EPR are due to:
(1) a high symmetry which is useful for interpretation of the spectra,
although recently EPR spectra of paramagnetic ions in monoclinic and triclinic crystals have been interpreted; (2) strain in the crystals; (3) the
presence of other paramagnetic ions in high concentrations.
EPR has been reviewed by Ayscough (1967), Abragam and Bleaney
(1970), Low (1960, 1963) and Pake (1962). lt is surprising that, although
EPR has been widely used to investigate structural aspects around the
incorporated ions, phase transitions (Müller, 1971) and qualitatively to
detect the presence of certain ions, EPR has not been widely used for
quantitative trace determination despite the fact that Burns proposed this
in 1964.
The detection of Pb 3 + in Th0 2 grown from PbF 2-B 20 3 flux by Scheel
(unpublished) is of interest: Röhrig and Schneider (1969) found in crystals
containing 1% Iead a )arge hyperfine interaction for the isotope 20 iPb at
77 K, and PbH-F- centres would account for the weak satellite lines near
the Pb3+ lines.
Wertheimet al. (1971) have reviewed the determination ofthe electronic
structure of point defects by spin resonance and by Mössbauer spectroscopy.
Ultrasonic attenuation and dispersion might become interesting as a
nondestructive characterization technique since ultrasonic waves are not
bound to optical transmission, electrical conductivity and so forth, so that
all kinds of crystals and crystalline layers can be tested. Another advantage
is the high sensitivity to defects of phonon scattering. The main difficulties
are, experimentally, to obtain reliable and reproducible coupling to the
transducer and, theoretically, to correlate the phonon spectra with the
types of defect. Uhrasonie techniques for characterization are reviewed in
the books of Herzfeld and Litovitz (1959), Filipczynski et al. (1966), and
Sharpe (1970).
The importance of ferrimagnetic oxides has been mentioned at several
points in the text and a valuable measurement for such materials is the
saturation magnetization. This property will be affected by solvent inclusions, which contribute to the mass but not to the magnetization, and
by impurities, the effect of which will depend on the Bohr magneton
number of the ion and on its location in the crystal lattice. Nielsen et al.
( 1967) took samples from various regions of Ga-doped yttrium iron garnet
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crystals and plotted their results in the form of contours of equal magnetization on a representation of the crystal surfaces (see Fig. 9.6b ). The
resulting plot illustrates dramatically the variation in gallium concentration
across the crystal face.
The local concentration of a non-magnetic impurity such as gallium
will also affect the Curie temperature and the difference in Curie temperature between different parts of a crystal will be low if the crystals are
relatively homogeneous. Linares ( 1965a) plotted histograms showing the
spread in Curie temperature among doped garnet crystals in batches
grown respectively by slow cooling and thermal gradient transport ( see
Fig. 9.14). The spread was found tobe much less in the crystals grown by
gradient transport, as may be expected since the growth is isothermal;
the relatively !arge variation in crystals grown by slow cooling arises from
the high effective distribution coefficient of gallium.
A parameter which is of considerable importance in studies of magnetic
oxides of iron is the concentration of Fe~ + or Fe 4 + ions. This concentration
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is often small compared with that of Fe3+ and is difficult to determine to
high precision. The problern of determining the Fe 2 + concentration in
yttrium iron garnet was discussed by Robertson and Elwell ( 1969) who
considered several measurements in addition to wet chemical analysis:
electrical conductivity, thermoelectric power, infra-red absorption, Saturation magnetization, ferrimagnetic resonance linewidth and magnetocrystalline anisotropy. The electrical conductivity is very sensitive to the
Fe 2 + concentration but also varies rapidly with temperature and with the
concentration of impurities. Thermoelectric power is less sensitive to
impurities and appears to be one of the most reliable methods for concentrations greater than about 2%, but calibration is required using samples
of known Fe2+ concentration. Infra-red absorption curves have been
plotted by Wood and Remeika (1966) for both Si- and Ca-doped yttrium
iron garnet containing Fe2+ and FeH ions, respectively. The absorption
shows a sharp edge for wavelengths just above 1 J.Lffi and the absorption
coefficient at a fixed wavelength will give the Fe2+ or Fe 4 + concentration;
a wavelength of 1.2 J.Lffi was used by Nassau (1968), who formulated a
model of Fe 2 +-Fe 4 + equilibrium. Ferrimagnetic resonance linewidth is
frequently used as a measure of the quality of magnetic oxide crystals,
since the linewidth increases with the Fe2+ concentration and with the
concentration of inclusions. It is not normally possible to separate these
two main contributions to the linewidth, but a more reliable estimate of
the Fe2+ concentration can be obtained from the increase in linewidth at
low temperatures. For a quantitative measurement the anisotropy of
ferrimagnetic resonance or a torque magnetometer may be used to
determine the temperature dependence of the magnetocrystalline anisotropy constant K 1 • The Fe2+ concentration is determined from the contribution to K 1 due to the ferrous ions, and is accurate only if the energy
Ievel splitting of the lowest cloubiet of the Fe2+ ions is known.
Measurements of ferrimagnetic resonance linewidth and anisotropy
have also been used extensively in other investigations, notably by Makram
and co-workers (Makram and Krishnan, 1967; Makram, 1968; Makram
et al., 1968).
The properties of HTS-grown dielectric materials have also been investigated intensively as a means of crystal characterization. As an example,
Giess et al. (1969) measured the spread in the ferroelectric Curie temperature of different barium sodium niobate crystals as a means of assessing
homogeneity.
Reference has been made in Chapter 1 to examples of measurements
which demonstrate the higher quality of semiconductor layers deposited
by liquid phase epitaxy compared with that of the substrate crystals. In
the original paper of Nelson (1963), diodes formed by LPE wert! reported
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to have improved performance as tunnel diodes over those produced from
the melt, and diodes used as Iasers had lower thresholds. Shih and Blum
(1971) reported a high efficiency of light emission from Ga 1 _xAl",As diodes
for display devices.
9.4.6. Determination and removal of inclusions

The origin of inclusion formation and the theoretical and experimental
conditions to prevent unstable growth are discussed in Chapter 6, and
Figs 6.6, 6.12 and 6.13 show typical examples of inclusions found in ftuxgrown crystals. The theory of stability of plane interfaces predicts a
periodicity of inclusions of the order of 10-30 J.Lm, and inclusions of that
periodicity have been found. Depending on the growth system and the
experimental parameters inclusions of submicroscopic size as weil as bulk
inclusions are formed.
Macroscopic inclusions are clearly detectable by the naked eye. In the
following, a few techniques will be briefty mentioned which are used or
which could be used for the detection and analysis of microscopic and
submicroscopic inclusions. Optical microscopy is of course the simplest
way of detecting inclusions of a size !arger than 1 J.Lffi in transparent
crystals, either in the as-grown crystals or in thin sections. Special microscopic techniques for examining inclusions in natural gemstones for
identification purposes have been described by Gübelin (1953). Newkirk
and Smith (1967) used ultramicroscopy where light scattered from a light
source (here a helium-neon gas Iaser) perpendicular or at least diagonal to
the microscope axis is examined and photographed. Thus inclusions of a
size less than 1000 A can be detected, but it is difficult to determine the
exact size distribution and the morphology of the inclusions by examination
of the scattered light. Light scattering is reviewed in the books of Van de
Halst (1957) and of Stacey (1956). Orientation-dependent light scattering
was observed from a variety of rotating cylinders of synthetic crystals by
Guseva et al. (1971).
Several materials (e.g. ferrites, semiconductors) opaque to visible light
have transmission windows in the infrared so that they can be examined
by infrared microscopy (Sherman and Black, 1970; Sunshine and Goldsmith, 1972). Ferroelectric and magnetic domains are sensitive to inclusions, probably inftuenced by the strain produced by the inclusions.
This strain is partially released by the formation of dislocations, so that
X-ray topographs may indicate the presence of inclusions. Ultrasonic
dispersion, as mentioned in Section 9.4.5, is extremely sensitive to tiny
inclusions.
For the study of submicroscopic inclusions transmission electron microscopy, replica electron microscopy and scanning electron microscopy are
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valuable techniques when the problern of preparation of appropriate
samples is solved.
Some of the techniques suitable for the analysis of chemical inhomogeneities arealso valuable for the detection and analysis of inclusions (e.g.
electron microprobe analysis), see Section 9.2.4. A semiquantitative determination of the inclusion content of a crystal is possible by grinding the
crystal, extracting the inclusions and determining the total content of
matter included in the extract.
X-ray radiography has been used by Doughty and White (1960) to
examine bulk crystals for major defects and inclusions. While this technique is very insensitive, it will reveal major flaws in opaque crystals, such
as the dentritic core frequently present in crystals grown by spontaneaus
nucleation. Radiography is relatively simple and may be used to examine
rapidly a batch of crystals in order to eliminate those contammg gross
defects prior to subsequent cutting and polishing of sections for the
application intended.
It was pointed out by Chase and Wilcox (1966) that the migration of a
solvent zone in a temperature gradient may be used to remove solvent
inclusions from HTS-grown crystals. The main objective of inclusion
removal is to permit more accurate determinations of such properties as
density, optical absorption coefficient or the concentration of substitutional
impurities. However this technique may also be used as a simple means of
determining the inclusion concentration (Elwell et al., 1972). The crystal
is heated in a strong gradient at a temperature well above the melting point
of the solvent for a time sufficiently long to allow all the solvent to migrate
to the hotter surface. After cooling the crystal to room temperature, the
high temperature solvent may be removed by dissolution in nitric acid or
some alternative reagent, and the resulting change in weight of the crystal
will be a measure of the initial concentration of solvent inclusions.
Wilcox (1968) has given a review of the topic of inclusion removal from
crystals grown from both high temperature and aqueous solutions. The
rate of migration of inclusions is given approximately by
Vfl =

D( d T(dz) Psn
m(1- W 0 ) Pc

'

where dT(dz is the temperature gradient, D the solute diffusion coefficient,
m the slope of the liquidus, W 0 the solute concentration (expressed as a
weight fraction) and Po and Psn the density of crystal and solution, respectively. Some examples of removal rate using this equation are quoted in
Table 9.9 tagether with experimental data where these are available.
Agreement between theory and experiment is as good as can be expected
since the theory leading to the expression for VR is highly simplified. In
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practice the travel rate may depend on the size of inclusions and on the
interface kinetics (Tiller, 1963). The data reported in the table on the
semiconductors GaAs, Ge, InAs and SiC were taken on crystal-growth
experiments by the travelling solvent method and were used to obtain
values of the diffusion coefficient by an equation related to that given above
for VR.
The rather large discrepancy between experimental and theoretical
values of VR for GaAs and InAs indicates a difference of interpretation
between Wilcox (1968) and the original authors. It may be that the values
either of the temperature gradient or of the diffusion coefficient have been
overestimated in these examples.
Disagreement between theory and practice in the experiments of Belin
et al. ( 1972) is to be expected since the crystal was rotated so that growth
was probably not limited by diffusion in that case. For a more detailed
discussion of inclusion removal, reference may be made to Wilcox (1968).
9.5. The Growth History of a Crystal as deduced from
Characterization
Reference has been made at various parts in the text, especially in Chapter
4, to the mode of growth of crystals following nucleation or seeding. It is
instructive here to consider the information to be obtained from characterization, particularly from X-ray topography, on the growth history and
on the generation and propagation of dislocations and other defects.
Detailed studies have in general been made of crystals grown from aqueous
solutions but the evidence available suggests that similar results will be
obtained on crystals grown from high-temperature solution.
Ernara et al. (1969) investigated the distribution of dislocations in potash
alum grown by spontaneaus nucleation. The majority of dislocations arc
generated in the early stages of growth and radiate as bundles or sometimes
as single dislocations, in a direction roughly perpendicular to the crystal
faces (see Fig. 6.8). Additional dislocations are generated at growth
accidents occurring at a later stage, usually at an inclusion because of
imperfect lattice closure. The number of dislocations remains approximately
constant as growth proceeds, so that the dislocation density decreases.
Veils of solution were observed in these crystals, and those in the fastergrowing sectors gave rise to a high degree of strain . "Ciouds" of inclusions
in the form of small bubbles were also observed. Some bubbles act as
dislocation sources but in other instances the dislocations terminate on
bubbles so that the lattice heals when closing around a bubble of solvent.
It was frequently observed that the small crystal faces have a relatively
high density of dislocations, indicating that a high density of dislocation
Ieads to morerapid growth.

I

0

0

I

s

I

0

0
(a)

(b)
F1 c . 9.15 . (a) Di stributi on of disloca ti ons in crys tal g rown from solution (dia g ramm ati c, aft e r A uthi er , 1972). S = seed , D = di slocati on bundles, I = inclusi ons.
(b ) X - ray topog raph (Authier, 1972) of T GS , showing di slocati ons ge nerated
at the seed an d at inclusions.
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Generally similar observations were reported by Ikeno et al. (1968) who
investigated crystals of Mn-doped NaCI. They also noted additional
dislocations which appeared to be generated at the position where the
crystal was in contact with the beaker. These authors stress the observation
that the crystals appeared to grow in six parts, each specified by one of the
{110} growth surfaces and separated by a diagonal surface passing through
the nucleus.
In a review of the applications of X-ray topography in crystal-growth
studies, Authier (1972) considers seeded growth from aqueous solution.
The majority of the dislocations originate at the seed and are propagated
normal to the crystal faces, so that distribution of the dislocated regions
is very similar tothat in unseeded crystals. Figure 9.15(a) shows schematically the location of dislocations in a crystal of cubic habit. An actual
topograph made by Mrs. A. lzrael is shown in Fig. 9.15(b) which shows a
crystal of triglycine sulphate. In this case the dislocations propagate in six
main bundles and !arge areas of crystal are substantially dislocation-free.
Two regions can be seen where !arge solvent inclusions have resulted in
the generation of further bands of dislocations. The mechanism of generation of dislocations at inclusions has been discussed by Matthews (1972).
Klapper (1971) made a topographic study of benzyl crystals grown from
solution in xylol, and also found dislocation bundles radiating from the
nucleus or from inclusions. He demonstrated that the direction of dislocations corresponds to a minimum of potential energy per unit length. Thus
dislocations deviating 10° from the growth direction were found in benzyl,
and Fig. 9.16(a) shows a topograph of a crystal of Iithium formate hydrate
of which the explanation is given in Fig. 9.16(b ). The preferred orientation
of dislocations can be calculated from the elastic constants of the material
according to Klapper (1972, 1973).
An interesting series of topographs was obtained by Vergnoux et al.
(1971) on strontium formate and sulphur crystals. Their observations
confirm what appears to be a general tendency in solution growth for the
dislocations to propagatein bundles (see Fig. 6.8). Some of the dislocations
were found to originate in the seed rather than in the region of initial
growth on the seed. As indicated by other observations of surface features,
a tendency was noted for the number of dislocations to decrease during
growth. During slow growth of sulphur crystals, the dislocation density
on the (100) facewas observed to fall from 200 cm- 2 after 8 days to 40 after
32 days and to 1 after 58 days. However, any disturbance in the grov.th
process is unfavourable and results in a production of new dislocations.
As an example, an interruption in stirring led to a remarkable increase in
dislocation density (see Fig. 7.38).
LPE studies have shown that the number of dislocations in the crystal
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should ideally be less than that in the seed, and so more perfect crystals
than those described above could be grown by careful seeding. A change in
growth direction through 90° may also be effective in reducing the number
of dislocations produced by an imperfect seed, as proposed by Schroeder
and Linares (1966).
Relatively few topographic investigations of flux-grown crystals have
been reported in the literature, but some particularly interesting topographs
by W. T. Stacy are shown in Fig. 9.17 . The "growth ripple" of Fig. 9.17(a)
is formed by a dislocation surrounded by concentric regions of alternating
strain. The dislocation, seen more clearly in Fig. 9.17(b ), runs perpendicular
to these bands and is associated with a growth hillock on the ( 111) face.
Fig. 9.17(c) shows typical striations and the generation of dislocations at
inclusions incorporated during a period of rapid growth following partial
dissolution.
9.6. Proposed Standard for Routine Characterization of Crystals
As outlined at the beginning of this chapter there is no doubt that much
material published in the Iiterature is of dubious validity because insufficient
effort has been made to characterize the materials, both in terms of th eir
composition and structural perfection. As far as we are aware, only one
proposal has been made, by Roy ( 1965), to specify the minimum data desirable for the characterization of a crystal on which results are presented
for publication. An analogaus set of recommendations for the acceptance
of new minerals (including synthetic crystals) has been proposed by
Donnay and Fleischer ( 1970).
In Table 9.10 we have outlined a proposal for a set of data which should
be presented when measurements on crystals are reported or in publications
on the synthesis of a novel material in single-crystal form. The experimental techniques which may be used to obtain these data arealso indicated.
In addition, in papers on physical measurements on crystals either details
of the growth technique or a reference to the corresponding crystal-growth
publication containing the details should be given. It is proposed to present
the characterization data and the crystal-growth data in the form of one or
two tables in order to keep publications short. A few details on any heat
treatment following growth and on sample preparation (surface darnage !)
should be given.
Data of flux-grown crystals approximating those of Table 9.10 are quite
rare in literature. Among the best characterized crystals are Th0 2 (Finch
and Clark, 1965) and BeO (Newkirk and Smith, 1965, 1967; Newkirk et al.,
1967; Austerman et al., 1964). Compilation of such characterization data,
when clone with the necessary care, is of course very time-consuming and
needs a !arge effort on apparatus. It would be very valuable if the national
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Y.IO. Data RequireJ for Crystal Characterization
Experimental methods

Parameter
Nominal chemical formula
Chemical analysis for major constituents, deviation from stoichiometry
Trace analysis
Homogeneity of major and minor constituents
Colour
Crystal habit, cleavage, twinning, refractive index, optical activity
Size and weight of single crystals, size
of inclusion-free regions, clensity
X-ray identification

For new crystals: space group ( + structure determination)
Precision determination of lattice constants
Low-angle boundaries , degree of misorientation
Quantity and distribution of inclusions,
cracks, twinning, strain
Dislocation density, distribution of dislocations
For metals, alloys, semiconductors:
Resistivity
For magnetic materials: saturation
magnetization

Chemical and physical techniques for
chemical analysis
Emission spectroscopy, activation analysis, colorimetry, etc.
Electron microprobe analysis; local
variation of Tc etc.
In several cases the optical absorption
spectrum might be of interest
Optical goniometry, microscopy
Three-dimensional data on size
X-ray focussing powder cameras, Xray difl:'ractometer, Gandolfi camera for
small crystals
Single crystal X-ray diffraction techniques, automatic single crystal diffractometer
Focussing X-ray powder techniques,
automatic single crystal diffractometer
Laue X-ray patterns, X-ray topography
Microscopy, ultramicroscopy,
topography, etc.
Etching, X-ray topography

X-ray

4-probe
Magnetic balance, vibrating sample
magnetometer

research institutions were to support or to maintain specialized laboratories
for characterization. Ideally the characterization specialist should participate in the research programme along with physics and crystal-growth
specialists, with the characterization service provided free of charge to
collaborating establishments.
A greater emphasis on characterization would probably reduce the rate
of publication but would be highly beneficial in the long run for all interested parties.
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10. Crystals Grown from High-Temperature Solutions
Table of HTS-grown crystals
References
Appendix to Chapter 10
References
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615
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In this chapter a Iist is given of thc crystals which ha,·e been prepared from
high-temperature solutions during the 20th century. This tabulation is
intended to provide the crystal grower with an extensive Iist of references
to previous work, which should minimize duplication and permit a choice
to be made of a suitable solvent in those cases where successful growth
experiments have been reported. The table will also indicate to "crystal
consumers" a possible source of crystals.
Previous compilations of crystal syntheses have been made by Laurent
(1969), by Wanklyn (1974) and by Wilke (1973), and this chapter includes
these earlier tabulations except for references which could not be traced
by the authors.
In the table the materials crystallized are listed in the order of the element
which is conventionally used as the first symbol in the formula for the
compound. For example, zinc ferrite is normally written as ZnFe 2 0 ,1
rather than Fe 2 Zn0 4 and we have adhered to this normal practice. Solid
solutions are listed under the first element alphabetically except where the
concentration of this element is very low. Where elements are added in very
low concentrations, these are denoted in brackets after the hast material,
so that Al 2 0J(Cr) denotes chromium-doped alumina crystals; some
materials are listed alphabetically by the first authors' names. The second
column lists the solvent used in each case and in general no attempt is
made to specify an exact composition in those cases where binary or
ternary solvent systems have been used. The table is not intended to
provide sufficient information for a crystal growth experiment to be attempted but is rather a guide to the Iiterature and reference should be made
to the original papers for details of the compositions employed.
In those cases where an extensive investigation was made of several
solvent systems for growth of a given solute, the optimum system has
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been selected according to the original author's findings. As an additional
restriction on the length of the table, an exhaustive Iist was not given of the
many experiments in which, for example, GaAs or GaP films were grown
underrather similar conditions from Ga solution for device applications or
detailed measurements of parameters. Chapter 8 contains many references
to this topic and to experiments on the growth of magnetic garnet films,
in addition to the references to previous reviews.
Column 3 of the table lists the technique used in the experiment, and
the abbreviations used are explainecl at the head of the table. In column 4
is listed the temperature or temperature range employed, while column 5
gives the value of the parameter which controls the growth rate. In a slow
cooling experiment, the parameter listed is the cooling rate in degreefhour,
while for an evaporation experiment it is the duration in hours of the experiment which is given since values of the solvent evaporation rate are not
normally quotcd. Thc tcmpcraturc Jiffcrcn<.:<.: across the mdt is quoteJ in
the case of graclient transport experiments, and the current is quoted for
electrolytic growth.
The size in mm of the largest crystals grown is listed in column 6, or
alternatively the largest climension where only one is given. In some
examples of grov.rth under steacly state conditions, the growth rate is
quoted in mmfday. Some workers prefer to state the crystal weight in g
rather than the linear dimensions, and this value has been included in such
cases. The reference to the source publication is given in the final column.
Ommisions from the Table and additions of recent data are tabulated in
the Appendix. Although an attempt has been made to make the Table and
the Appendix comprehensive, some omissions vvill have occurred. The
authors would be grateful for notification of such omissions, or of improvements realized in more recent work, for inclusion in future editions.

Abbreviat ions used:

Crystal

AgNiF 3
Al
AlAs
Al xGa 1 _ _,As
AIB 2
Al 3Er
AIF 3
AIN
Al.0 3(Cr)
Al 2 0 3
AlzÜa
Al 20 3
Al.0 3
Al 2 Ü 3
Al 2 0 3
Al 2 0 3
Al 20 3
Al 20 3
Al20a
Al 2 0 3 (Ga)
AlzÜa
Al 20 3
Al 20 3
Al 2 0 3
A\ 20 3
At.o ,
Al 2Üa

ACRT
CR
EL
EV
HPS
LPE
SC

Accelerated crucible rotation technique
Chemical reaction
Electrolysis
Evaporation
High-pressure solution growth
Liquidphase epitaxy
Slow cooling

Solvent

AgF
KN0 3 /NaN0 3
Al
Ga
Al
Al
PbC1 2/PbF 2
Ca 3N2
PbF 2
Na 3AlF 6
Pb0 /B 2 0 3 , PbF 2 /Bi 2 0
PbF 2
PbF 2
Bi 20 3 /PbF 2/La 2 0 3
PbF 2/B 20 3 /La 20 3
PbF 2 /Bi 2 0a
Bi 20 3 /V 20,
PbF 2
PbF 2 /B.0 3
PbF 2
Fluorides
Na 2 0 /Ti0 2
Pb, 0 2 F 6
Pbü /B. Oa
PbO /PbF 2
PbF. /B.0 3
BaF 2 /AIF 3

3

THM
TR
TSM
TSSG
VLS
VLRS

X

Travellin g heater method
(Gradient) transport
Travelling solvent method
Top-seeded solution growth
V apour-liquid-solid
Vapour-liquid-reaction-solid
Seed crystal

Technique

Temp. range

Cooling rate
duration

Crystal
size (mm)

SC

700-435
600°
950800-775
975
900-640
930- 650
1610- 1520
1400- 1000
1040- 960

0.8

3
150 X 4 X 0.5
small
10 JLffi
14 x 10 x 0.01

SC
LPE /SC
CR
SC
SC
SC
SC/EV
SC
SC
SC
SC
SC
SC
SC
SC
SC
EV
SC
SC
CR /EV
SC
SC
SC
SC
SC

1.3
120
348 h
4;85
2
3
1.5
1.5

~1200 -800

Reference

10 x 10 x 5

Glucket al. (1974)
Makarevich (1965)
Faust and John (1964)
Sugiyama and Kawakimi (1971)
Sirtl and Woerner (1972)
Meyer (1970)
Wanklyn (1969)
Dugger (1974)
Adamset al. (1966)
Arlett et al. (1967)
Barksand Roy (1967)
Bibr et al. (1966)
Butcher and White (1965)
Chase ( 1966)
Chase (1966)
Chase and Osmer (1967)
Garton et al. (1972b)
Giess (1964)
Grodkiewicz and Nitti (1966)
H art and White, see White (1966)
Izvekov et al. (1968)
Jones (1971)
Linares (1962c}

} 1.3/d,y

Linares (1965)

~2

13
1 X 0.3
15
12 x 12 x 5
15 x 10 x 0.2
20 X 20 X 3
30

1320-950
1300-1100
1250 - 1000
1250 - 1000
1250 - 1000
1300 - 900
1250- ?

1- 2
1- 5
2- 8
2-8
2- 10
5
1- 2

1200 - 900
1200-700
1550
1260-1000
1250- 950
1250 - 950
1250 - 950
1550- 1300

3

10
6 X6

4h
3
0.25 - 5
0.25-5
0.25-5
0.25 - 5

~4 x 4 x 1

~10

6 x 6 x4
5 X5X5
3g

X

1

"'0<
0

AI,O.
Al 2 0 3 (Cr)
Al 20 3

Pb0/8 2 0 3
Pb0 /8 ,0 3
PbO/ BtO•

TR(X)
SC
SC

1000
1300- 600
1300-9 15

AI,O.
Al 2 0 3(Fe, Cr)
Al,O,
Al 20 3
Al 2 0 3
AI,O.
Al 2 0 3 (Cr)
Al 20 3(Cr)
AlP
Al Sb
Al Sb
Al 2(WO,).
As

PbF 2
PbF 2
a.O /W0 3
Sr0/W0 3
PbF 2
PbF,
PbF 2
PbF 2
Al
Al
Al
Na, O /W0 3
Tl

SC/EV
EV
TR(X)
SC
SC

1250 - 1300
1100 -1300

B
BN
B
BN
BN
B 6P
BP
BP
BP
BP
BP
BP
BP
BaA1 12 Ü 10(Pb)
BaAI 12 0 19(Fe)
BaB,O,
BaCI , · BaF 2
Ba,CoxZn 2 _xFe 12 Ü 22
BaCrO,
BaCrO,

Pt
Li 3 N
Mg
Mg, N,, Ca,N,
Li 3 N
Ni
BPO,
Cu,P
Ni /P
'i
p
FePB,
Pb, OF,
PbF,
Ba C l,
Na Cl
NaFeO,
BaCl,
Li Cl

SC
TR /SC
SC
SC
SC
SC
THM
SC
HPS /SC
HPS
HPS /SC
HPS /SC
VLRS /TSSG
HPS
TR
TR
TR
HPS
HPS
SC
SC
EV
CR
SC
SC
CR
SC

~1200

1500 - 1100
1300-1100
1400-900

LIT = 50°

0.75 /day

4
2

~7 x 7 x 4

30 (plate)
5X5X5

2- 3 mm /h
20h
LIT = 50°
16
1- 5

~1100

1
0.5

1350
960 -

0.7

1150-700
457

5- 20
0.5 mm/day

1200- 830
1750 - 1610
1500 - 1800
1750- 1300
1750 - 1600
1300
850
1100 - 450
1200

55 kb
66 - 75 kb
55 kb
49 kb
1200 psi
1 month
LIT = S

~1250 -400

kb

1000- 1500

~15

1200 - 1000
1260
1000, 1200
950
1350-900
1000, 1200
800-

3
100h
2h
50
2- 5
2h
0.7

4 X 5 X 0.2
6-8
1.5 - 2
30
30 (plate)
30 (plate)
40 x 40 x 12
3 X 3 X 0.5
small
small
1-2
20 X 9
small
~o.s

small
2
30
small
4 X3 X2
4
5 X2 X2
small
3X1X1
3X3X3
2 x 2 x 0.1
small
3 X 2 X 0.1
small
3

Linares (1965b)
Nelson and Remeika (1964)
Remeika (1963)
Timofeeva (1968)
Tsushima (1966)
Voronkova et al. (1968a)
Voronkova et al. (1968a)
Wallace an d White (1967)
White(1961)
White and Brightwell (1965)
White and Brightwell (1965)
Sonomura and Miyaauchi (1969)
Faust and John (1964)
Wolff et al. (1954)
Voronkova et al. (1968b)
Tester et al. (1971)
Horn (1959)
DeVries and Fleischer (1972)
Matecha and K vapil (1970)
Wentorf (1960)
Wentorf (1965)
Burmeisterand Green (1967)
Ananthanarayanan et al. (1973)
Baranov et al. (1967)
Chu et al. (1973)
lwam i et al. (1971)
Niemyski et al. (1967)
Rundqu ist (1962)
Stone and Hili (1959)
Linares (1962c)
Tsushima (1966)
Brixner and Babcock (1968)
Pate I and Singh (1969)
Agapora and Perekalina (1968)
Brixner and Babcock (1968)
Packterand Roy (197 1)

tn

....0\

Crystal

Solvent

Technique

Temp. range

BaF,
BaFe, , 0 19
BaFe 12 0 19
BaFe 12 Ü 19
Ba!<' e 12 Ü 19
BaFe 6 0, 0
BaFe12- xScxÜ 1o
BaFe 12 _ 2 xl rxZnx0 19
BaFe 12 _ 2 xZnxTi_,0 19
BaFe0 3 _ _,
BaGe 4 0 9
Ba,MgGe 2 0 7
Ba 3 MgTa 2 0 9
Ba,(Mn0 4 ).Cl
BaMo0 4
BaMo0 4
BaNb 20 6
BaNb,0 6 , Ba,Nb,O,,
BaO
BaO
Ba 5 (P0 4 ) 3 Cl
BaPb0 3
Baso.
Ba so.
Ba so.
BaS0 4
BaSb,0 6
BaSi,0 5
BaSnB 2 0 6
DaTa,0 6
Ba 5 Ta 4 0 15
Ba 2 T i0 4
BaTi 3 0 7
BaTi0 3
BaTi0 3

LiF
BaO /PbO /B,0 3
Fe 2 0 3 + BaF 2
Na,C0 3
Na,C0 3
BaCI 2
NaFe0 2
Bi 20 3
Ba0/Na 2 0 /B 20 3
Ba(OH),
Ge0 2
BaO jGe0 2
BaF 2 /MgF 2
BaCI,
Li 2 Mo0 4
LiCl, BaCI 2
BaB 20 4
Ba CI,
Ba
Ba(OH)
Ba Cl,
BaC1 2
LiCl, BaC1 2
Na Cl
Na Cl
Li CI, 1aCl
BaCI 2
BaCI 2
BaB,0 4
BaB 2 0 4
PbO
BaCI 2 /BaCO,
BaCI 2
BaCI 2

TSSG /SC
SC /ACRT
CR
SC
SC
SC
SC
SC
SC(X)
HPS
TSSG/SC
TSSG/SC
CR /SC
CR
TSSG /TR
SC
SC
CR
EV
CR /EV
CR
CR
SC
SC /EV
SC
SC
CR
CR
SC
SC

880 - 860
1200 - 1300
1250
1200- 900
1350 - 900
12501250 - 940
1300- 1000

4.5
20

600
136913451315-970
1000,1200
1040 - 1140
1000 1450 - 1350
1000, 1200
900
510

1 kb
0.5
1
3.5
2h
O.Smm /h
0.7
2
2h
60-80 h
30 days

1000, 1200
1000900-700
1000 - 700
1000- 800
1000, 1200
1000, 1200
13001500 -1 100

2h
0.7
10
65
5
2h
2h
5- 50
1-2

13401000, 1200
1200- 1300
1090 -

fast
2h

KF

SC
CR
EV
c.r·

Cooling rate
duration

Crystal
size (mm)

Reference

cm
15 X 2.5
1
5.6 g
20mg
0.015

leu haus et al. (1967)
Aidelberg et al. (1974)
Brixner (1959)
Gambino and Leonhard (1961)
Mones and Barks (1958)
Hamilton (1963)
Perekalina and Cheparin (1968)
Tauber et al. (1963)
Dixon et al. (1971)
Takeda et al. (1974)
Belruss et al. (1971)
Belruss et al. ( 1971)
Weaver and Li (1969)
Brixner and Babcock (1968)
Chen (1973)
Packterand Roy (1971)
Galasso et al. (1968)
Brixner and Babcock (1968)
Libowitz (1953)
Lynch and Lander (1959)
Brixner and Babcock (1968)
Brixner and Babcock (1968)
Packterand Roy (1971)
Pate! and Bhat (1971)
Pate! and Koshy (1968)
Wilke (1962)
Brixner and Babcock (1968)
Brixner and Babcock (1968)
Schultze et al. (1971)
Layden (1967)
Shannon and Katz (1970)
Bland (1961)
Brixner and Babcock (1968)
Arend (1960)
Arend and Novak (1966)

~1

1.6- 10

so

1-3
1.5

2()

6

X

6

X

1

20.1
22 g
72g
1- 4
small
60 X 15
4
small
small
2
small
small
1.4
6X3
~1

~8

small
small
small
fewmm
0.1
small
4 x 4 x O.S

."'

"'

BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
(Ba, Sr)Ti0 3
BaTi0 3
BaTi0 3
Ba4 Ti 2 Pt0, 0
BaTi 0 . ,.Pto. 2503
Ba,_,Pb,Ti0 3
BaTi,_,S n,0 3
BaTi0 3
(Ba, Pb)Ti0 3
BaTi0 3(Ni)
BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
Ba 1 _,Sr x Ti0 3
BaSn, Ti, _xÜ 3
BaTi0 3 (Ni)
BaTi0 3 (Ni)
BaTi0 3
BaTi0 3
(Ba, Pb)Ti0 3
(Ba, Pb)Ti0 3
BaTi0 3
BaTi0 3 (Fe)
BaTiO,(Fe)
BaTi0 3(Bi)
BaTi0 3
BaTi0 3
BaTi0 3
BaTi0 3
Ba(T i, Sn)0 3

KF
Ti0 2
Na2COa/K 2C0 3
BaCI 2
BaCI 2
Ti0 2
BaCI 2
BaCI 2
BaCI 2
Na2C0 3/K,C0 3
KF
KF
KF
KF
KF
KF
KF
BaCI 2
KF
BaCI 2
BaB,0 4
Na,CO ,.
KF
KF
KF
NaF
Ba Cl,
KF
BaB 20 4 /PbB 2 0 4
KF
KF
KF
KF
KF
KF
KF
KF + BaO
KF
KF

SC
TSSG /SC
TR /CR
SC
SC/EV
TSSG/SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
EV
SC
SC
SC
EV
SC
SC
EV/SC
SC
SC
SC
SC
SC
TSSG /SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC

1100 1377800-900
1200 - 750

20
0.5
3 days

1500 - 1340

0.5

8
2

14 days
5 days
14 days

~3 X

12
20 - 50
20

twins
5 X 0.5
0.03-0.2
fi lm
5 X5 X5
12 X 0. 1
~6 x 6 x 0.5

12201110 - 20
9401200- 400
1200-400
1120- 975
1100- 1000-8000
1090 1000
9501300- 1030
1150- 850
1400 - 1480
11 50 - 950
1200 - 900

10
10 - 15
3
20

~1100 -850

11 60-+
1200- 800
1125 - 1000
1200 - 950
1050- 900
1200- 900
1200- 850
1190-855
11 00- 900
1200-830
1200
11 50 - 900
1180 - 850
1200-900

11 - 15
30
25
0.2
13
20
15
60
30-50
50
5
11

24g
10-2

4
3
5

3

X

3

2
X 3

X

2
10 x 10 x 0.3
1.5
12 (plate)
5 x S x 0.1

~15 X

8

twins
34

X

24

X

0.4

15 x 15 x 0.2
6

11

X

0.4

Arend et al. (1969)
Belruss et al. (1971)
Belyaev (1962)
Belyaev et al. (1951)
Benes et al. (1955)
Bethe an d Welz (1971)
Blattner et al. (194 7)
Blattner et al. (1949)
Blattner et al. (1949)
Blattner et al. (1 949)
Bogdanov et al. (1960)
Bogdanov et al. (1960)
Bradt and Anseil (1967)
Cherepanov (1962)
Coufova and Novak (1969)
DeVries (1962)
Eustache (1957)
Feltz and Langbein (1971)
Gavrilyachenko et al. (1968)
G liki et al. (1956)
Go to and Cross ( 1969)
K awabe and Sawada (1957)
Khodakov et al. (1956, 1958)
Khodakov and Sholokhovich (1960)
Kudzin (1962)
Kudzin et al. (1964)
Matthias (1948)
Nielsen et al. (1962)
P erry (196 7)
Perry et al. (1967)
Remeika (1953)
Remeika (1954)
Remeika (1958a)
Remeik a et al. (1966)
Sasaki (1965)
Sasaki (1965)
Sasaki (1968)
Sasaki and Kurekawa (1965)
Sholokhovich and Khodakov (1962)

0..
"'
w

Crystal

Solvent

KF
Bal- xPbxTiOa
BaTiO,.
KF
BaTi0 3
Ba Cl•
BaB 2 0,
BaTiB 2 0 6
Ba CI,
Ba 5 (V0 4) 3 CI
BaWO,
Ba CI,
Li Cl
BaWO,
LiCI, BaCI ,
BaWO,
Na CI
BaWO,
Na 2 W 2 0 7
Ba WO,
Ba.,(Zn, Mn , Ni)xFe, Oz BaB,O,/ aF e0 2
BaY 2 Mg 2 Ge 3 0 12
Ba0/Ge0 2
Ba0/B 20 3
Ba 2Zn 2 AlxFe 12 _x0 22
Ba,B,0 5
Ba 2 Zn 2Fe 12 0 22
Ba0/B 20 3
Ba 2 Zn 2 Fe 12 0 22
NaFe0 2
Ba,Zn, F e 36 Ü 6 0
Ba,Zn 2 F e 36Ü 60
BaO /B,Oa
NaFe0 2
Ba 2Zn 2 Fe 12 0 22
Ba 2Zn 2 Fe 12 Ü 22 (Mn)
Ba 2B 20 5
Ba,B,O,
BaZn 2F e 120 22
Na,Fe,O,
Ba,Zn 2 Fe 120 22
Ba 2Zn 2 Fe 12 0 22
Ba0/B2 0 3
BaB,O,
BaZrB,O ,
BeAI ,O,
PbF, /PbO /Si0 2 /B 20
PbO
BeAI, O,
Li 20 /Mo0 3
Be 3 Al, Si 6 0 18
Be 3 AI, Si 6 0 18
v,o.
Li 20 /Mo0 3
Be 3 Al 2 Si 6 0 18
v,o.
Be 3 Al 2 Si 6 0 18
Pb0 /V 2 0 5
Be 3 AI ,Si 6 0•s
Pb0 /V 20 5
Be,AI 2 Si 6 0 1 8
Li 20 /Mo0 3
BeO
Li 2 0 /Mo0 3
BeO
KOH
BeO
Pb 20 0 7 F 26
BeO

3

Technique

Temp . range

SC
SC
SC
SC
CR
CR
SC
SC
SC
SC
SC
TSSG/SC
SC
TSSG /SC
SC/TR
SC
SC
SC
SC
SC /TSSG
SC
SC
SC
SC
SC
SC
TR(X)
SC
TR(X)
SC
TR
SC
TR

1000-+
1200- 800
1400
1040 1000, 1200
1000, 1200
700-800
1000 1000- 750
1100-1250-+700
1375 - 950
15701350- 800
1200
1250-+

SC

~1300-+

Cooling rate
duration

Crystal
size (mm)

14- 18
20,4
5- 50
2h
2h

16 X 3
2
small
small
small
small
4
3
10 X 5 X 5
3 X 0.5
48 g
5X3X1
10 g
15

0.7
2
2.5
0.5-4
1
2- 3
0.1 - 0.2
0.25
~4

1300- 1000
0.5
1250( - 1375)-> 0.75 - 4
1250- 1050
1
1300- 900
0.5-5
1250- 1050
0.75 - 4
1300- 1000
0.5- 2
13005- 50
1300- 700
0.5
1375 12.5
1100-800
2- 5
600- 1200
975 - 790
4
1050
LIT = 50
1250- 900
1
1000
LIT = 50
14001.5 - 25
~1150

400-500
1150 - 750

LIT = 30

12 x 12 x 6
6 X6 X3
12 x 12 x 3
6 X6X3
small
44
2X2 X2
8
0.7/day
1
.....,10 x 6 x 6
5mm 3
25 X 25 X 10
5
2
0.3 X 0.06
25

Reference

Sholokhovich et al. (1956)
Sholokhovich et al. (1968)
Timofeeva (1959)
Schultze et al. (1971)
Brixner and Babcock (1968)
Brixner and Babcock (1968)
Packterand Roy (1973)
Packterand Roy (1971)
Pate! and Arora (1973)
V an Uitert and Soden (1960)
Savage and Tauber (1967)
Belruss et al. (1971)
Agapora et al. (1969)
Aucoin et al. (1966)
Gendelev and Zvereva (1971)
Kerecman et al. (1968)
Kerecman et al. (1969)
Savage and Tauber (1964)
Savage et al. (1965)
Shinoyama and Suemune (1970)
Tauber et al. (1963)
Tauber et al. (1964)
Schultze et al. (1971)
Bonnerand V an Uitert (1968)
Farrell and Fang (1964)
Ashida (1968)
Ballman et al. (1966)
Lefever et al. (1962)
Linares et al. (1962)
Linares (196 7b)
Linares (1967b)
Austerman (1963)
Austerman (1964)
Levin et al. (1952)
Linares (1962c)

"'0\

.f>.

BeO
"' BeO
BeO
Be 2 Si0 4
Be 2 Si0 4
Bi 3 _ 2 .Ca 2.Fe5 _ . V .0, 2
Bi 3 _ 2.Ca 22 Fe 5 _ x V.0 12
Bi 3 _ 2.Ca 2.Fe5 _ x V.o 12
Bi 3 _ 2 .Ca 2.Fe5 _.v.0, 2
BiFe0 3
Bi.Fe.o9
Bi 2Mo 2 0 9
Bi 2 Mo 3 0 12
Bi 0 . 5 1a 0 . 3 Ti0 3
Bi 2Sn 2 0 7
Bi 2 Sn 20 7
Bi 4Ti 3 0 12
Bi 4Ti 3 0 12
Bi 4Ti 30 1 •
C(diamond)
C(diamond)
C(diamond)
C(diamond)
C(diamond)
C(diamond)
C(diamond)
C(diamond)
C(graphite)
C(graphite)
C(graphite)
C(graphite)
C(graphite)
C(graphite)
C(graphite)
Ca 3Al 10Ü 18
CaA1, 2 0, 9(Pb)
CaB 6

Na 2 B4 0 7
Li 20 /Mo0 3 etc.
Li 2 0 /Mo0 3
Na 2 Mo 3 0 10
Li 20 /Mo0 3
Pb0 /Bi 20 3
Pb0/Bi 2 0 3
Pb0/B 2 0 3
Pb0 /Bi 20 3
Bi 20 3
Bi 2 0 3
Mo0 3
Mo0 3
1 aF
PbF 2
KF
Bi 2 0 3
Bi 2 0 ,
Bi 20 3

SC
TR
EV
TR
EV
SC
SC
SC
SC
SC + EV
EV(?)
TSSG /TR
TSSG /TR
SC
SC
SC
SC
SC
SC

1250- 900
,_,1100
1165
900-1000
1165
1200- 1000
1200 - 1050
1200- 1050
1200-1000
860(820) - 760
850
670
,...,650
1300-850
1280-900
1100-850
1100 - 940

1-5
LIT = 20
5 days
LIT = 40-80
5 days
3- 10
2
0.5 - 1
1
1.5
0.5-0.7 mm/h
0.25-0.5 mm /h
10- 15
6
6
10

1200-

small
1

Fe, Ni
NI
Fe, Ni
Ni
Fe, Ni
Fe, Ni
Fe, Ni
Fe, etc.
Fe, i
Fe, Ni
Si/Al /Na
Fe
CaCI 2
Pb 2 0F 2
B.o.

6
1-5
2mm /day
1- 5
5
12
8
35 X 30,60 g
1- 2
0.1 - 0.3
30 X 10
50 X 20
3X3X2
2X2X2
1 X1 X1
sheets 100 p.m
small
sheets

HPS
TR
TR(X)
TR /SC
SC
TR

1500-1800
1550-1400
1450
1500-1400
15001200-1500

60-75 kb
57 kh
54kb
55 - 60 kb
1-2.5

0.5
5 x4 x4
0.5
,_,6
3

1500-700
1200-1400

1-2.5
LIT = 25-50

1900-1500
1000, 1200
1260-1000
1810

5
2h
3

,...,2
30 x O.S x O.S
small
30 X 0.06
small
3X3X3
0.1

rev1ew

SC
TR
SC
SC
CR
SC
VLS

Linares (1967a)
Newkirk and Smith (1965)
Osmer and Chase (1972)
Ballman and Laudise (1965)
Osmer and Chase (1972)
Espinosa and Geiler ( 1964)
Hodges et al. (1967)
Krishnan (1969)
Suzuki et al. (1971)
Teague et al. (1970)
Koizumi et al. (1964)
Chen (1973)
Chen (1973)
Homma and Wada (1971)
Wanklyn (1972)
Wanklyn (1972)
Cummins and Cross (1968)
V an Landuyt et al. (1969)
V an Uitert and Egerton (1961)
Bezrukov et al. (1966, 1969)
Bundy et al. (1955)
Litvin and Butuzov (1968)
Lundblad (1964)
Matecha and K vapil ( 1970)
Strong and Chrenko (1971)
Strong and Hanneman (1967)
Strong and Wentorf(1972)
Austerman et al. (1967)
Austerman et al. (1967)
Austerman (1968)
Austerman et al. (1968)
Austerman et al. (1968)
Minkoff (1968)
Sumiyoshi et al. (1968)
Brixner and Babcock (1968)
Linares (1962c)
Rea and Kostiner (1971)

"'0\

"'

Crystal

CaB 2 0 4
CaC0 3
CaC0 3
CaC0 3
CaCr0 4
CaCr0 4
Ca 3 Cr 2(Si0 4).
CaF 2
CaFe 2 0 4
Ca 2 Fe 2 0 5
CaGe 20 5
CaMgSi,0 6
CaMn 2 0 4
CaMo 1 _xWx04
CaMo0 4
CaMo0 4
Ca 2NaMg,V 3 0 1 ,
CaNb,0 6
Ca 2N b 2 0 7
CaO
Ca 2P0 4 Cl
Ca 5 (P0 4 ) 3 Cl
Ca 5 (P0 4 ).F
CaRu0 3
CaS0 4
caso,
ß-CaSi0 3
Ca 2Si0 4
CaSn0 3
CaSnB,0 6
CaTi0 3
cawo.
Cawo.
CaW0 4
Cawo.

Solvent

Li Cl
Li,C0 3
Li 2 C0 3
Li,C0 3
Ca Cl,
Li Cl
Na 2 0 /K 20/B 2 0 3
NaCI /NaF
CaCI 2
PbF 2 /PbO
Ge0 2
PbO
CaC\ 2
Na Cl
LiCI,CaCI 2
Li 2 S0 4
v,0 5 ; NaV 3 0 8
CaF 2 /MgF 2 /Nb 2 0 5
CaCI 2
Na Cl
CaC\ 2
Ca Cl,
CaF 2
CaCI 2
LiCI, CaCI 2
Na 2S0 4
Na Cl
CaCI 2
CaCI 2
CaB 20 4
BaCI 2 /CaCI 2
Li Cl
Fluorides
Li Cl
Na,wo.

Technique

SC/HPS
TSM/TR
TSM /TR
SC
CR
SC
EV
SC
CR
EV
TSSG /SC
SC
CR
SC
SC
TSM
SC
CR/SC
CR
CR
CR
SC
SC
SC
SC
SC
SC
CR
EV
SC
SC
SC
SC
SC
TR(X)

Temp. range

Cooling rate
duration

Crystal
size (mm)

Reference

1000-

20kb, 30
5mm/day
5mm/day
0.5-1
2h
0.7
72h
15
2h
11 days
0.5
2
2h
15-18
0.7
0.2 mm /day
2
3-5
2h
1-3 h

small
30 X 10
30 X 10
10 x 10 x 1
small
0.6
0.2

Marezio et al. (1969)
Belin et al. (1972)
Brissot and Belin (1971)
Nesterand Schroeder (1967)
Brixner and Babcock (1968)
Packterand Roy (1971)
Lowell et al. (1971)
Leckebusch and Recker (1972)
Brixner and Babcock (1968)
Wanklyn (1972)
Belruss et al. (1971)
Grodkiewicz and V an Uitert (1963)
Brixner and Babcock (1968)
Kukui et al. (1967)
Packter and Roy (1971)
Parkerand Brower (1967)
Havlicek et al. (1971)
Weaver and Li (1969)
Brixner and Babcock (1968)
Sakamoto and Setoguchi (1964)
Brixner and Babcock (1968)
Prener (196 7)
Prener (196 7)
Bouchard and Gillson (1972)
Packterand Roy (1971)
Wilke (1962, 1968)
Setoguchi and Sakamoto (1967)
Brixner and Babcock (1968)
Smith and Welch (1960)
Schultze et al. (1971)
Kay and Bailey (1957)
Anikin (19 58)
Izvekov et al. (1968)
Packterand Roy (1971, 1973)
Robertson and Cockayne (1966)

~750

700-800
800-650
1000, 1200
8001000
890-760
1000, 1200
1245
12081350-900
1000, 1200
1200-500
1000~835-960

1220-850
1315 -915
1000, 1200
950
~1ooo

1280-1060
1375 - 1220
1260-800
10001000-800
1200-800
1000, 1200
800- 900
13501150-

2-4
2-4
2
0.7
5
5
2h

~6

1200- 700
600-800
X

~1

2X1
1
11 x 7 x 2
6 X 0.03 X 0.03
small

5-50

5

small
4 x 3 (plate)
25 g
2
5
1-4
2
2
2-10
5 X5 X 3
3
small
3-4

~700

~900

~1

10- 4 /h

small
1
1
4 x 3 x 0.5
small

!.11
0\
0\

CaW0 4
Ca wo.
Ca 6W0 9
Ca, W0 5 • CaCI 2
CaY 2 Mg 2 Ge 3 0 1 2
CaZrB 2 0 6
CdCr, S 4
CdCr,Se 4
CdCr 2 Se 4
CdCr,Se 4
CdCr 2 Se 4
CdCr 2 Se 4
CdCr 2S 4 _xSex
CdCr 2 Se 4
CdCr 2 Se 4
CdCr,Se 4
CdFe,0 4
CdGeP 2
Cdln 2Te 4
Cd 2 b 2 0 7
Cd 2 Nb 2 0 7
Cd 2Pb0 4
CdS
CdS
CdS
CdS
CdS
CdS
CdS
CdS
CdS
CdS
Cd Se
Cd Se
CdSiAs 2
CdSiP,
CdSiP 2
CdSiP 2
CdSiP 2

Na,w,o,
Na 20 /WO,
Na 2W0 4 /K 2Cr 20
LiCI /CaCI2
CaO /Ge0 2 /B 20 3
CaB 2 0 4
CrCI 3
CdCI 2
CrCI 3( + Pt)
CdCI 2
PbCI, /CdCI,
Cd Cl,
CdCI 2
CrCI 2 /CrSe
CrCI3 ( + Pt)
CrCI 3 ( + Pt)
PbO
Sn
ln 2Te 3
NaF
CdF 2
PbO
CdCI 2
CdCI 2
Ga, In, Sn, Tl
CdCI 2 /NaCI
Cd
Cd CI,
Bi, Cd, Sn
Na,Sx
Na 2 Sx
CdCI 2
Bi,Cd,Sn
Se
Sn
Bi, Sn, Sb
Sn
Sn
Sn

7

SC
SC
SC
SC
TSSG /SC
SC
VLRS
SC
VLRS
SC
SC
SC
VLS
VLRS
VLRS
SC
SC
TR
SC
SC
HPS/SC
SC
SC
SC
SC( X)
SC
SC
SC
CR/SC/EV
CR/SC/EV
SC
SC /TR
TSM
SC
SC
SC
SC
SC

1100- 1250-700 2.5
100012509
~1000-500

14911150900-850

0.4
5- 50
2- 5

900- 500
850-1200
875-825
700
1300-750
800
1050 -700
1225 - 700
750,400
10009001180650-400
~940

2- 5
slow
2.4
7
~5

1-8 h
40
2
5-100
8- 9
38
83
2.5 mm /day

1200 -700

10 X 5 X 5
small
5X1X1
20 X 5
115 g
small
3-6
0.8
2
1
3
3
1
4
1-4
2- 3
< 10
~2

10 x 10 x 1
50 p.m
1
5 X 0.2
0.7 X Ü.Ü1
4 x4 x4
small

X

~4

700 - 300
760-300
800- 600

~25
~25

5

15 x 1 x 1
4 x 4 x 0.1
4 X 1.5
~4

1050 - 1100
-750

20
20

12001200 -600
- 750

23

X

3.5

~10

4 - 16

30 (needles)
10

0.01

V an Uitert and Soden (1960)
Schultze et al. (1967)
N assau and Mills (1962)
Barta et al. (1971)
Belruss et al. (1971)
Schultze et al. (1971)
Von Neida and Shick (1969)
Bergerand Pinch (196 7)
Eastman and Shafer (1967)
Harbeke and Pinch (1966)
Kuse (1970)
Larson and Sleight (1968)
Pickardt et al. (1970)
Shick and Von Neida (1971)
Von N eida and Shick (1969)
Von Philipsborn (1967, 1969)
Remeika (1958b)
Spring-Thorpe and Pamplin (1968)
Mason and Cook ( 1961)
Jona et al. (1955b)
K estigian (1963)
Keester and White (1970)
Bibr et al. (1966)
Bidnaya et al. (1962)
Harsy (196 7)
Haworth and Lake (1965)
Hemmat and Weinstein (1967)
lzvekov et al. (1968)
Ruhenstein (1968)
Scheel(1972b, 1974)
Scheel(1972b, 1974)
Sysoev et al. (1966)
Ruhenstein (1968)
Steininger (1968)
Spring-Thorpe and Pamplin (1968)
Borshchevskii et al. (1967)
Buehler and Wernick (1971)
Mughal et al. (1969)
Spring-Thorpe and Pamplin (1968)

<.n
0\

"

Crystal

Solvent

CdB.O,
CdSnB.0 6
CdSnP 2
Sn
CdSnP 2
Sn
CdSnP 2
Cd
CdSnP 2
Sn
CdTe
CdJ 2
Cd Te
Cd
Cd Te
Bi, Cd, Sn
(Cd, Hg)Te
Te
CdTi0 3
NaCI /NaB0 2 /Na 2C0 3
Cd WO,
Li Cl
CdWO,
Na 2 SO, , Na 20 /W0 3
Cd WO,
Na 2 W 2 0,
CdZrB 2 0~
CdB.O,
Ce-compounds seealso RKF
CeAI0 3
CeF 3
SrF 2 , BaF 2 etc.
PbF 2
Ce0 2
Ce0 2
Li.w.o,
Ce0 2
PbF 2 /B 20 3
Ce0 2
Na 2 B,O,
Ce0 2
PbF. !B.O,
Ce0 2
Li 20 / Mo0 3
PbF 2
Ce0 2
Ce0 2
PbF 2 /MgF 2
Na CI
Ce0 2 _ "
Ce0 2
PbO /PbF 2
CoCr 2 0,
Na 2 0 /W0 3
CoCr 2 S,
CrCI 3 ( + Pt)
CoF 2
KCl
CoF 2
PbCI 2
CoFe 20,
Pb0-B 2 0 3
CoFe 2 0,
NaFe0 2
CoFe 2 0,
Na 2 C0 3
CoFe 2 0,
NaFe0 2

Technique

Temp. range

Cooling rate
duration

SC
SC
SC
SC
SC
CR
MovingBoat
SC/TR
THM
SC
SC
SC
SC
SC

1200 1200730-

5-50

SC
SC
SC
TR
EV
EV
SC
TR(X)
EV
SC /EV
CR
SC
SC
VLRS
SC
SC
SC
SC
LPE/EV
SC

-750
600
1025-970

Crystal
size (mm)

Reference

small

Schultze et al. (1971)
Buehler and Wernick (1 971)
Buehler et al. (1971)
Loshakova et al. (1966)
Spring-Thorpe and Pamplin (1968)
K westroo et al. (1 969)
Lorenz (1962)
Ruhenstein (1968)
Ueda et al. (1 972)
Kay and Miles (1957)
Anikin (1958)
Schultze et al. (1967)
Van Uitert and Soden (1960)
Schultze et al. (1971)

~10

2-3

8 X 2 X 0.2
small

6h
~1

h

small
10
~4

~750

900-

0.2 -0.3 mm /h
fast

~700

10001100-1250- 700 2.5
5-50
1040 -

~10

0.1
1
small
10 X 5
small

4-5

~o . o5

1280-850
1070- 1100

3
LIT25 - 30

2.5
2

1325 970
1200
1200-800
1000
1300 1450- 1000
906 -856
1050 - 400
930 - 650
1320 - 950
1590- 1350
1000 - 1400
1350 -

1

1300-840

X

5

~1000 -900

LIT 100

17 days
1.2 - 3
50-80
3-4
3
4
3
1-2
6- 10
5- 20 h
2

1- 2
3
10 X 4 X 4
8 x4 x4
3- 5
small
5 X4 X3
4
20

X

2

X

2

~5

~8

25 X 8 X 8
10 x 10 x 0.05
25 X 19 X 19

Zonn (1965)
Myakishev and Klokman (1 966)
Baker et al. (1969)
Finch and Clark (1966)
Grodkiewicz and N itti (1966)
Harari et al. (1 96 7)
Linares (1967c)
Linares (1967c)
Wanklyn (1969)
Wanklyn (1969)
Wilke (1964)
Zonn and J offe (1969)
Kunnmann et al. (1 965)
Shick and Von Neida (1969)
Garrard et al. (1974)
Wanklyn (1969)
Bibr et al. (1966)
Ferretti et al. (1963)
Gambino (1967)
Kunnmann et al. ( 1962)

"'C1'00>

CoFe 20 4
CoFe 20 4
CoFe 20 4
Co 2 . 2 Mn 0 . 8Ü•
Co~, 9 Mn~,,0 4

CoMn 2 0 4
CoNb 2 0 .
Coü
Coü
CoS 2
CoS 2
CoSnB 20 6
CoJ+x V •- xO•
Co WO.
Co wo.
CrB0 3
CrF 3
Cr 2Ü 3
Cr0 2
Cr0 2
Cr 2 Ü 8
Cr0 2
Cr 20 3
Cr 2Ü 3
Cr 2Ü 3
Cr 2 0 3
CsCoCrF 6
CsKCrF6
CsZnCrF 6
Cu
Cu Cl
Cu CI
Cu Cl
Cu Cl
Cu CI
Cu 2 Cr 20 4 , CuCr 2 0
CuCr 2 Se 4 _., Br.,

4

Na.o;wo.
Pbü
Na 2 B4 0 7
NaKS0 4
Na KS0 4
PbF 2
Na.o ;wo.
Na Cl
Na 2S0 4 ,KF
Na 2 Sx
PbC1 2
CoB 2 0 4
Na 20 /W0 3
Na.so •• Na.wo.
Na 2 0 /W0 3
B20 3
PbCI 2 /PbF 2
Li 20 /B2 0 3
PbO /PbF 2 , Na 2 Cr0 4 ,
K 2 Cro •• K .cr.o7
Cr0 3
Bi.o. ;v . o .
KOH
K 2 B4 0 7/Pb0
Na 2 Sx
PbF 2 /Bi 2 0 3
Na Cl
CsCl /CoCI 2
PbF 2
CsCI /ZnCI 2
Tl
KCl
SrCI 2 , PbCI 2
KCJ, BaCI2 /SrCI 2
KCl
KCI
Cu 20
CuBr

SC
SC
TR(X)
CR
CR
EV
SC
SC
CR
SC/CR
SC
SC
EL
SC
SC/CR
HPS
SC
SC
HPS
HPS /LPE
SC
HPS
EV
SC/CR
EV
CR /SC
SC
SC
THM
TR
THM
TSSG
SC
HPS
SC

134013001200 - 1300
~1000

25
~5

1150
1260- 700

20h
20 h
70h
3

various

va rious

1000
700 - 300
750 - 400
1180 -

50 - 80
25
3.5
5- 50
40mA /cm 2

~1000

~900

10001250-600
900, 1 h
930- 650
1300 - 1050
900, 1 h

1.5
60-65 kb
3
5- 25
60-65 kb

~425

1345 - 750
900
1220
1150-400
1300
1000
850-950
1055 - 500
8001000360
345 - 390
~330
~400

400 1000, 2 h

1.3
36kb
3 weeks
5
150 h
50- 80
3.5
0.2 - 10
2
LITS - 12

0.2mm /h
0.1 - 0.3 mm /h
2
60 - 65 kb

small

Kunnmann et al. (1965)
Remeika (1958b)
Timofeeva and Zalesski i (1959)
Petzold et al. (1971)
Petzold et al. (1971)
Tsushima (1966)
Wanklyn (1972)
Packter ( 1968)
Wilke (1964)
Scheel (1974)
Wilke et al. (1967)
Schultze et al. (1971)
Rogers et al. (1966)
Schultze et al. (1967)
Wanklyn (1972)
Chamberland (1967)
W ankl yn (1969)
Barksand Roy (1967)
C hamberland (1967)

2 !Lffi laye r
5
small
8 X 8 X 0.3
6 x 6 x 0.2
5X5X1
small
3
2X1
3
small
35 X 8
25 x 15 x 7
40 X 7
50 X 20 X 20
10 x 10 x 5
small
10

DeVries (1966)
Garton et al. (1972b)
Porta et al. (1972)
Scheel (unpublished)
Scheel (1974)
Tsushima (1967)
Wilke(1964)
Nouet et al. (1971)
Garton and Wanklyn (1967a)
Nouet et al. (1971)
Liaw and Faust (1971, 1972)
Kvapil and Perner (1971)
Parkerand Pinnell ( 1970)
Perner (1969)
Wilcox and Corley (1967)
Wilcox and Corley (1967)
Chamberland (1967)
Sleight and Jarret (1969)

< 10
7
small
small
2X2X2
10 X 1.5 X 1.5
small
small
2
small
small
10
small
4 x4 x4
small
2
~10 x 8 x 0.2

<n

o-

'Cl

tn

Crystal

Solvent

Technique

Temp. range

Cooling rate
duration

Crystal
size (mm)

Reference

CuFe 2 0 4
CuFe 2 0 4
CuGa, _xlnxS2
CuMo0 4
CuO
CuP 2
CuS
cu.v.o,.
cu.vs.

PbO/PbF 2
Pb0/B2 0 3
In
Mo0 3
KF
Sn
Na 2Sx
KV0 3
Na 2Sx

SC
SC
SC
SC
CR/SC
SC
SC/EV
SC
SC/EV

950-500
980-500
1150-300
790-

11-13
5- 10
4
2-10mm/h
50-80
20
25
10

2
3
5 x 5 x0.1
6
small
1 cm 2
2 x 2 x 0.1

Miyada et al. (1964)
Petrakovskii et al. (1969)
Yamamoto and Miyauchi (1972)
Nassau and Abrahams (1968)
Wilke (1964)
Goryunova et al. (1968a)
Scheel (1974)
Shannon and Calvo (1973)
Scheel (1974)

~2

Garton and Wanklyn (1967b)
Smith and Wanklyn (1974)
Garton and Wanklyn (1969)
Garton et al. (1972b)
Smithand Wanklyn(1974)

Dy-compounds seealso RDyA10 3
PbO
DyP0 4
Pb 2P.O,
DyV0 4
Pb,V,O, /NaV0 3 /Na 2B4 0
DyV0 4
Pbo ;v.o.
DyV0 4
Ph.v.o,
Er-compounds seealso REr 3 Al 5 Ü 12 (Tm)
PbO /PbF 2 /B.0 3
Er
ErB 2
ErMn0 3
PbF z/PbO /B 20 3
ErOF
PbF . /PbO /BzOa
Er 2Si0 5
Li 2Mo 20,
Eu-compounds seealso RB 20 3(?)
EuB 6
EuFe0 3
PbO
Eu 3 Fe 5 Ü12
Pb0 /B 20 3
Eu 3 Ga 5 Ü 12
PbF 2 /PbO
Eu 3 Ga 5 Ü 12
PbF 2 /PbO
Eu 3 Ga 5 Ü 12
Pb0/B 20 3 ; PbO /PbF 2
Eu( + Ta)
EuO
EuO
Eu
EuO
Eu
Eu 2 Ü 3
PbO
Eu
EuS

7

~1000

~600-300

1000-500
~650-300

~25

EV
SC
SC
SC
SC

1260°
1330-930
1300-1040
1330-950
1330-930

10 days
0.6-0.9
2
1
0.6-0.9

15
10
20
15

SC
CR
SC
SC

1300-950
1750
1280-900
1255 -940
1100

20min.
1
1

117 g
1 X 1 X 0.01
20mm 2
20 X 5 X 1

V an Uitert et al. (1965)
Castellano (1972)
Wanklyn (1972)
Wanklyn (1972)
Harris and Finch (1965)

small
5X5X1
60mg
1.8g

Rea and Kostiner (1971)
Drofenik et al. (1973)
Schieber (1967)
Schieher (1964)
Schieberand Holmes (1965)
Schieber (1967)
Guerci and Shafer (1966)
Shafer et al. (1972)
Reed and Fahey (1971)
Drofenik et al. (1974)
Reed an d Fahey (1971)

VLS
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC

~1800

1250- 1000
1280- 900
1240-900
12501280- 900
2000- 1550
2000-1400
22001250-1100
2300 -

6

2X2
X 5 X 0.5
X 1.5 X 1.5
X 2 X 2
X

0.4 g
25
7-100
5-50
6
10- 20

~10

~10

60g
2 x 0.2
< 60g

-..J

0

Eu Se
Eu Te

Eu
Eu

SC
SC

23002300-

10- 20
10 - 20

< 60g
< 60g

Reed and F ahey ( 1971)
Reed and Fahey (1971)

FeB0 3
FeB0 3
FeB0 3
FeB0 3
(Fe 0 . 9 G a 0 • 1)B0 3
FeCr, S 4
FeF,
FeNb0 4
Fe,0 3
F e,0 3
F e2 0 3
F e2 0 3
F e,0 3
F e,0 3
Fe 2 0 3
Fe 2 0 3
Fe 2 0 3
Fe 20 3
Fe 20 3
Fe 2 0 3
Fe,0 3
Fe, 0 3
Fe, 0 3
Fe,0 3
Fe 20 3
Fe, 0 3
Fe, 0 3
Fe 3 0 4
FeS
F eS,
FeS,
FeS,
Fe 2Ti0 4
Fe,Ti0 5
Fe,Ti0 5

Bi,0 3 /Mo0 3 , PbMo0 4
B, o .
PbO /PbF , /B, 0 3
Bi 2 0 3 /B 20 3
Bi 2 0 3 /B,0 3
CrC1 3( + Pt)
KCl
Na 2 0 /W0 3
Li,O /B, O o
Na 2 B4 0 ,, K 2 B4 0 7
N a,B4 0,
Na 2 B4 0 7
Bi 20 3
Bi 2 0 3 /B,O s
Pb0 /B2 0 3
Bi 2 0 3 /V 2 0 s
Pb0/V 2 0 5
a 2B4 0 7 , Bi 20 3 /B 2 0 3
Bi 20 3 /V 2 0 5 /Li 2 B4 0,
Li 2 0 /B 20 3
PbO /Bi 20 3 /B 20 3
Na,B 4 0 ,/Cu0
Na, B4 0,
Pb,V, O,
Pb,P,0 7 /Mg0
Na, so •• Ta Cl, LiCl, KF
Na,S0 4 /NaCI
Na,B 4 0,
Fe
Na, Sx
FeCI 3 , FeBr 3
PbCI 2
Ba0/B,0 3
Pb0 /V, 0 5
Pb,V 2 0 7

SC
CR
SC
SC
SC
VLRS
SC /EV
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
CR/SC
EV?
SC/HPS
SC
SC/EV
CR/TR
SC
SC
SC
SC

1000-750
670-860
1100 - 700
850-600
1145-835
906-865
980 - 500
1250- 600
1200- 1050
1200 - 880
1100 - 700
1260 - 1040
1320- 900
1200- 500
1300 1300 - 900
1345 - 750
1250-800
1220- 1000
1150- 800
1300- 800
1250 - 800
1300-

1- 2

5
small
5X5X2
8

Chadwick (1972)
Joubert et al. (1968)
Lecraw et al. (1969)
Makram et al. (1972)
Bemal et al. (1963)
Shick and Von N eida (1969)
Garrard et al. (1974)
Wanklyn (1972)
Anderson and Schieber (1963)
Barks and Roy (1967)
Barks et al. (1964)
Chase and Morse (1973)
Curry et al. (1965)
Flandersand Remeika (1965)
Flandersand Remeika (1965)
Garton et al. (1972b)
Garton et al. (1972b)
Nielsen (1969)
Scheel (unpublished)
Schieber (1964)
Schieber (1966)
Tasaki and I ida (1963)
Vichr (1966)
Wanklyn (1970)
Wiekharn (1962)
Wilke (1964)
Wilke (1968)
Vichr and Makram (1969)
Takahashi et al. (1973)
Scheel (1974)
Wilke (1968)
Wilke et al. (1967)
H auptman et al. (1973)
Garton et al. (1972b)
Wanklyn (1970)

1310- 900
~1ooo

1200
1300 - 1000
,....., 1150 500 - 300
750
750-400
1200 - 900
1330 - 950

9
0.5
1.1
5
1.5
2
5- 80
45
0.5 - 15
0.5- 2
5
10
5
1.3
1
2
2- 3
1.5
10
4.3
50 - 80
2
15-20
25
3.5
3
1

4
10 X 1 X 1
3X2X2
1.5
10, 300 mg
6X6
6 X 6 X 0.4
20
7
30
7 X 3, 3 g
6 X5X2
5mg
15 x 15 x 3
80mg
3 X 3 X 0.5
25
5
~1

4
2
20 X 10
3X3X2
4
,.....,3
4
25 X 8
20 X 3 X 1

.

"'....,

Crystal

Solvent

Technique

Temp. range

Cooling rate
duration

Crystal
size (mm)

Reference

FeVO,
FeW0 4

v .o .
Na 2 W 2 0,

SC
SC

1130 - 700
1000 -

10

4 X 1.5
small

Levinson and Wanklyn (1971)
Schultze et al. (1967)

Ga,In 1_,As
GaAsJ - xPx
GaAs
G aAs 1_xPx
GaAs
GaAs
G aAs
GaAs
GaAs(Si, Ge)
GaAs
G aAs.P 1 _x
G aAs
GaAs
G aAs
GaAs
G aAs.P 1 _x
Ga,AI 1 _,As
GaAs(Si)
Ga,In 1 _xAs
GaAs
G a,Al 1 _.As
GaFe0 3
GaFe0 3
Ga 2 _.Fe,0 3
Ga 2 _,Fe,0 3
Ga 2 _.Fe,0 3
ß-Ga. o.
ß-Ga.o.
ß-Ga.o.
ß-Ga.o.
ß-Ga203
ß-Ga 20.

Ga/ In
Ga
Ga, Au, Pd , Pt
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
In /Ga
Ga
Ga
PbO /V.0 5
Bi 2Ü 3 /BiF 3
Bi.Oa/B.Oa
Pb0 /Bi 2 0 3 /B 2 Ü 3
Bi 2 0 3/B 20 3
PbF 2 /Bi.Q 3
Bi. o .;v.o.
PbF 2
PbF 2
Ga
PbO /B•O•

LPE/SC
SC
VLS(X)
TSSG
SC
TR
LPE /SC
TSM /TR(X)
LPE/SC
VLS
LPE/SC
TR(X)
TR
LPE /SC
LPE/SC
LPE/SC
LPE /SC
LPE
LPE/SC
SC
LPE /SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC

3-10
4h
1 mm/h
1.3
LIT25 -200
45-300
40-80°/mm
1800 - 2400

~1

<: 750
1100 - 600
980 - 830
1215
1050 500 -900
800850
800- 400
550 -680
~1100 -

800
900 - 1000
900 - 875
~840

955 - 860
955 -860
700
700-400

1.5

X

whisker
36 X 21
small

15 - 30 1-'ffi
~40 1-'ffi

120 - 300
4 - 5 days

~20

100

~ 15 f'm

~35

24
1
60 or 900

x2

layer
1mm
2 X 0.02
60 - 80 1-'ffi

small
~910 -

1300- 900
1000 - 600
1125 - 500
1300-800
1300-800
1250 - 1000
1300- 900
1200-900
1225 -872

30
5
1
4-7
2-3
2- 3
4
5
3
4

1300-915

2

~200 1-'ffi

10
12
10

X
X

3
6

X
X

3
6

10 X 5 X 3
6 X2X1
10
16, 0.2 g
small
5

Antypas (1970)
Badzian et al. (1969)
Barns and Ellis (1965)
Cerrina et al. (1973)
Faust and John (1964)
L yons (1965)
Miki and Otsubo (1971)
Ml avsky and Weinstein (1963)
Moriizumi and Takahashi (1969)
Nicki and Just (1971)
Panish (1969)
P anish et al. (1966)
Queisser and Panish (1967)
Rosztoczy et al. (1970)
Rupprecht (1966)
Shih (1970)
Shih and Blum (1971)
Spitzerand Panish (1969)
T akahashi et al. (1971)
Wolff et al. (1954)
Woodall et al. (1969)
Garton et al. (1972b)
Linares (1962c)
Remeika (1960)
Schieber (1966)
Schieber (1966)
C hase and Osmer (1967)
Garton et al. (1972b)
H art and White, see White (1966)
Katz and Roy (1966)
Lorenz et al. (1967)
Remeika (1963)

..

....,
"'

a-G a,0 3
-l ß-Ga, O,
...,
ß-Ga ,O ,
ß-Ga,0 3
ß-Ga, 0 3
G aP
G ax ln 1 _xP
G aP
G aP
GaP
GaP
G aP
Gaxln 1 _xP
G aP
GaP
Ga 1_xlnxP
GaxAI, _xP
G axAI, _xP
Gaxln 1 _xP
GaP
GaP
GaP
GaP
GaP(Zn, 0)
GaP
GaP(N, Zr)
GaP
GaP(Te)
GaP
GaP
GaP
GaP
GaP
GaP
GaS
G axln ~-,, Sb

Ga Sb
Gaxln 1_xSb

NaOH
Mo0 3
PbO /PbF,
PbF 2 , PbO /PbF 2
Na, o ;wo.
Ga
In /G a
Ga
NaP0 3 , NaF, G a,0
Ga
Ga
Sn
In /Ga
Cu, Zn
GaJ,
In, Sn
Ga
Ga
G a/In
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Ga
Sn
Bi
Ga
Ga
Ga
Ga
Ga
In or Pb
Ga, Pb, Sb, Sn
Ga, In, Sb

3

HPS
SC
SC
EV
SC
TR
LPE
TSM
EL
VLS
SC
SC
LPE /SC
VLS(X)
CR
TR
SC
TR
SC
VLRS
TSM
VLRS
TR
LPE /SC
SC
SC
SC
SC
SC
SC
TSSG
TSM
TR(X)
SC
SC
TSM
SC
LPE

1000

1050-70
1390- 900
12001350- 900
1140- 820
900- 1168
1100- 100
800
800- 950
1050 1050 875 - 800
950
250 - 500
1000
1150- 900
1080
11501200- 1000
1160
1000
~1050-800

44kb
1
10
LITS - 20

< 6day
50 mA /cm 2
20mm /h
0.7
0.5
120- 180
22 days
12 h
LIT~10 -20

10
50- 70 h
100
4/day
1 mm /day
10 fLm fh
30- 1080
570
40
3- 5
5- 10

1060- 600
1140- 800
1200- 800
1275 /1000-750
1200 1085 - 784
1200-400
1430- 1200
850
850

0.5 /h

~1100 - 1200

~20

420
650~400

30mg
0.1 g
3- 4
2- 4
8 X5X2

7- 13 mm /h
LIT~200

0.7
10

25

X

~10

9

X

9

1-'mfh

20 X 2
small
sm all
whiskers
small
5
" fe\v"

34 x 14 x 14
x 20
1 cm 3

~20

~10

5 X 5 X 0.5
1 cm 3
5 X 5 X 0.2
25 g
10 x 10 x 2
10 x 10 x 2
5 X 5 X 0.2
9 thick
small
200 1-'m

Remeika and Marezio (1 966)
Schieber (1964)
Schieber (1964)
Timofeeva (1968)
Voronkova et al. (1968a)
Besselere and LeDuc (1968)
Biom and Plaskett (1 971)
Broder and Wolff (1963)
Cuomo and Gambino (1968)
Ellis et al. (1 968)
Faust and John (1964)
Faust and John (1964)
Hakki (1 971)
Holonyak et al. (1965)
K westroo et al. ( 1969)
Macksey et al. (1972)
Merz and Lynch (1967)
Merz and Lynch (1967)
Okuno et al. (1971)
Plaskett (1969)
Plaskett et al. (196 7)
Poiblaud and Jacob (1 973)
Rodot et al. (1968)
Sau! and Hackett (1970)
Shiraki (1969)
Thomas and Lynch (1967)
Thomas et al. (1964)
Toyama et al. (1969)
Trumbore et al. (1 964)
Ugai and Gukov (1965)
Von Neida et al. (1972)
Weinstein and Mlavsky (1964)
Weinstein and Mlavsky (1964)
Wolff et al. (1954)
Harsy (1968)
Hamaker and White (1969)
Faust and John (1964)
Plaskett and Woods (1971)
\11
-._)

w

<.n

Crystal

Solvent

Ga Sb
Sb
Ga Sb
Ga
Ga 2 Se3
Ga
Gd-compounds seealso RGdAI0 3
Bi 20 3 /B 2 0 3
GdA10 3 (Nd)
PbO /PbF 2 /B 20 3
GdAl0 3
PbO/PbF 2
GdA10 3
Bi 20 3 /B 2 0a
GdA10 3
PbO /PbF 2
GdA10 3
Bi 2 0 3 /B 2 0a
GdA10 3
PbO /PbF 2 /B 20 3
Gd 3AI 5 0 12
Gd 3 Al5 Ü 1 2
GdCo 5
Gd 3 Fe 5 0 12
Gd 3 Fe 5 0 12
Gd.Fe 5 0 12
GdGa0 3
CdaGa 5 0 12
Gd 3 Ga 5 Ü12
Gd 2 GeMo0 8
Gd 2 GeW0 8
GdMn0 3
GdMn0 3
Gd 2 (Mo0 4 ) 3
GdP0 4
Gd,Si 20 7
GdV0 4
GdVO,
GdV0 4
GdV0 4
GdVO,
Ge
Ge

Technique

TR
SC
SC

Temp. range

Cooling rate
duration

Crystal
size (mm)

~650

1.6, 7.2

~1200-

,....,20

,....,s x 5 x 0.2

17 days
0.3
17 days
0.7- 1.7
3
1.7
0.3-0.6

4mm 3
20 X 10 X 10
4 x4 x 3
~5 x 4 x 4
6 x6 x3

EV
SC/ACRT
EV
SC
SC
SC
SC/ACRT

1200
1300- 950
1200
1340-840
1260- 1000
1340-840
1300-900

PbO/PbF 2
SC
PbO /PbF 2 /B2 0 3
SC
Al, Ga
SC
Pb0 /B 2 0 3
SC
Pb0 /B 2 0 3
SC
Fe 2 0 3
SC
see RGa0 3
Pb0 /B 2 0 3
SC
PbF 2 /PbO
SC
Pb0/Mo0 3
SC
Pbo;wo.
SC
PbO /PbF 2
SC
PbF 2
SC
Mo0 3
TSSG/SC
Pb,P,O.
SC
Bi 20 3
seealso RVO,
Pb 2V 2 0 7 /NaV0 3 /Na 2B4 0 7 SC
Bi,o.;v,o.
SC
Ph,v,o.
SC
SC
Ph,v,o.
several metals
SC
Sn
LPE/SC

12451300- 950
1000,....,13001300- 925
1520- 1440
1300- 1000
1240- 900
1290-900
1280-900
1260-950
1290-1180
11841370-950
1300-1000
1320-950
1150-950
1250-950
0.15, 0.7, 1.5
600-400

0.6
0.3
5
2
2
2-3
4
2
1
0.1
1
2
1
2 (Oscill.)
0.3
600-900

Reference

Reid et al. (1966)
Wolff et al. (1954)
Harsy (1968)

10
,....,1

Airtron
Courtens and Scheel (1974)
Garton and Wanklyn (1967b)
Garton and Wanklyn (1967b)
Linares (1962c)
Remeika (1956)
Scheel and Schulz-DuBois (1971)
Scheel (1972a)
Manabe and Egashira (1971)
Scheel (unpublished)
Gambino and Ruf (1971)
Giess (1962a)
Remeika (1963)
Smith et al. (1959)

7.5
1.2g
2
2
2X2X1
3 X3X2
12 g
7 X 1.5 X 0.6
2 X 1 X 0.5

Remeika (1963)
Schieber (1964)
Swithenby et al. (1974)
Swithenby et al. (1974)
Wanklyn (1972)
Wanklyn (1972)
Belruss et al. (1971)
Wanklyn (1972)
Bondar et al. (1971)

6 x 1.9 x 1.6
7.5 x 2 x 2
7 X 3 X 0.5
7X3X2
small

Garton and Wanklyn (1969)
Garton et al. (1972b)
Hintzmann and Müller-Vogt (1969)
Scheel (unpublished)
Faustet al. (1968)
Donnally and Milnes (1966)

35 X 30 X 25
(210 g)
7.3 g
30 x 20 x 10
10

"

-!>

Ge
Ge
Ge
Ge
Ge
Ge(As)
Ge0 2
Ge0 2
Ge0 2
Ge0 2
Ge0 2

SC
Al, Cd, Ga, Sb, Sn
LPE
Bi, Bi/Sn
LPE
In, In /Ga
TR(X)
Sn
TR(X)
Pb /Sn
As
TSSG /EV
Li 20 /Mo0 3 or Li 2 0 /W0 3 SC
Li, O, Na 2 0
TSSG/SC
SC
Li 2 0 /Mo0 3
TSSG
Na,O
TSSG
Li 2 0 /W0 3

Fe
HfB 2
PbF,
Hf0 2
Hf0 2
PbF. /B. Oa
BiF 3
Hf0 2
Na,B 4 0,
Hf0 2
Bi 2 0 3 /PbF 2
Hf0 2
Hg
HgS
Na 2 S,
HgS
Hg
Hg(Se, Te)
Hg
Hg Se
Hg
(Hg, Zn)Te
Hg, Te
HgTe
Hg
HgTe
Te
(Hg, Cd)Te
Ho-compounds seealso RHoFe0 3
PbO/PbF 2 /B 2 0
HoFe0 3
Pb0/B 2 0 3
HoFe0 3(Cr)
PbO /PbF2/B 20
Pb 2P 2 0 7
HoP0 4
lnAs
lnAs
InAsxSbl-x
lnAs
InAs
ln 2 Ü 3

In
In/Cd
In
In
In
Pb0 /B 20

3

SC
SC
EV
EV
EV
SC
SC
SC
SC
SC
SC
SC
SC
THM
3

3

600-700400-200
900-700
-600
-650

3 p.m fmin.
0.2layer
34g
3 x2 x2
10 X 3
1-2
5X1X1
-10 x 3 x 2

1700-400
1250-1000

5
4

-3
3X2

1250-690
1300-950
630-450
350-230
650650650-

2-4
3
10
1.5-6.5
6
-10
6
0.5
-6
0.2-0.3 mm/h

5 X 5 X 1.5
6 x 0.2
5
1-2
-6
1-2
small
-3
-10

Nakano et al. (1971)
Chase and Osmer (1966b)
Grodkiewicz and Nitti (1966)
Grodkiewicz and Nitti (1966)
Harari et al. (1967)
Zonn and J offe (1969)
Cruceanu and Nistor (1969)
Garnerand White (1970)
Cruceanu and Nistor (1969)
Nistor and Cruceanu (1969)
Cruceanu and istor (1969)
Dziuba (1971)
Nistor and Cruceanu (1969)
Ueda et al. (1972)

1100- 950
1050- 975
1100-700
-1025
1050-950

650-750

small
-7 p.mf h

Faust and John (1964)
Kijima et al. (1971)
Kijima et al. (1971)
Laugieret al. (1967)
Laugieret al. (1967)
Trumbore and Porbansky (1960)
Finch and Clark (1968)
Goodrum (1970)
Hart and White, see White (1966)
Swets (1971)
Goodrum (1972)

0.15-0.7
20-40
20-40
..:lT-50
..:lT-50
18 - 19h
;$1
2
3
0.04
0.5-1

X

1

SC
SC
SC
SC

1275 -900
1300 - 850
1300-900
1370-950

4
2
1
1

40 x 15 x 3
15 X 5 X 5
0.5 cm 3
20 X 2 X 2

Feigelson (1971)
Remeika (1963)
V an Uitert et al. (1970)
Wanklyn (1972)

SC
SC
LPE
LPE
SC
SC

800720- 520
480- 300

0.7
10-100
..:lT1.5-14
1200

small
7 X5X1
0.17- 15 p.m/min.
20p.m

1250-900

2.3-10

Faust and John (1964)
Koppel (1966)
Stringfellow and Greene (1971)
Tamura et al. (1971)
Wolff et al. (1954)
Chase (1968)

...,
"'
V\

Crystal

Solvent

Technique

Temp. range

Cooling rate
duration

In,0 3
In,0 3 (Mg)
In ,0 3
In 2Ü 3
In,O,
In 2 Ü 3
InP
InP
InP
Int'
InS
In,S 3
In Sb
In Sb
In Sb

Pb0 /B20 3
Pb0 /B 2 0 3
Pb0/B2 0 3
PbO /B,Oo
PbF 2
Pb0 /B2 0 3
In
In
In
In
In
As 2 S 3
In, In + Zn
Hg
In

SC
SC
SC

1250 - 1000
1250- 900
1250 - 900

4- 6
2.3 - 4
2.3 - 4

SC
SC
LPE /SC
SC
SC
SC
SC
SC
SC
SC
SC

1200-900
1200 - 500

3
10
60
0.7
10

K 3AlF 6
K(Na)Ba,Nb, 0 , 5
KCI
KCoF 3
KCoF 3
K 3 CrF 6
K 3 CrF 6
KCrS ,
KEr 3 F 10
KFeF 3
KFe 5 0 8
KFe 12 0, 9
KFeS,
K , G a 12 0, .
K 2 G e, 0 9
K 3 Li, T a_,N b 5 _ _, 0, 5
K , MgF,
KMg 2 LiSi 4 0 12 F 2
K 0 . 3 Mo0 3

KCl
K,C0 3 /N a 2 CO,
AgCI
KCI
KCI
PbF 2
KCI
K , Sx
MnF 2
KCI
KF
KF
Na, Sx/K , Sx
KF
KF/Ge0 2
K ,COo/Li,C0 3
KF
Pb0 /B,0 3
K 2 Mo0 4 /Mo0 3

SC
SC
TSM
SC
SC
SC
SC
SC /EV
TSSG /SC
SC /EV
CR /SC
SC
SC /EV
SC
CR/SC
TSSG/SC
TSSG /SC
SC
EL

~600-

970 ~1200-

~20

Crystal
size (mm)

2 X2 X1
5 X5X3
2 X 2 X 0.5
7
10 x 10 x 1
~ 20 fJ.ffi layer
small
~s

5 X 5 X 0.2
20 X 20 X 1
small
small

850 - 300
480
325

2
0.7
0.7

1055 - 500
1500-1:300
400-500
1050-400
1100-650
1055-500
1140-880

3.5
2
820 A/sec
4
3.5
3.5
0.7

2

~25

2 X 2 X 0.1
10 g
6
2 X 1 X 0.05
5
10 x 0.2 x 0.2
1

~1000-300

850-510
1000 - 746
1200 - 900
~600-300

1200-900
1100- 800
1250 - 1000
845 - 798
1050 - 800
550

0.5- 2
6
10
3
25
3
3- 5
1
0.8 mm/h
20mA

2

X

X

1

~3

10 x 10 x 10
small
~2
~2

12
8

X

8

4

X

6

X

X

1

5

Reference

Chase and Wilcox (1967)
Chase and Tippins (1967)
Chase and Tippins (1967)
DeWit (1972)
Hart and White, see White (1966)
Remeika and Spencer (1964)
Astleset al. (1973)
Faust and John (1964)
Röder et al. (1970)
Wolff et al. (1954)
Harsy (1968)
Diehl and Nitsche (1973)
Faust and John (1964)
Faust and John (1964)
Wolff et al. (1954)
Garton and Wanklyn (1967a)
Giess et al. (1969)
Rashkovich (1969)
Garrard et al. (1974)
Wanklyn (1969)
Garton and Wanklyn (1967a)
Garton and Wanklyn (1967a)
Scheel (1974)
Gabbe and Pierce (1974)
G arrard et al. (1974)
Roth and Romanczuk (1969)
Hart and White, see White (1966)
Scheel (1 974)
H art and White, see White (1 966)
Weaver and Li (1969)
Fukuda et al. (1970)
Neuhauset al. (1967)
Moore (1961)
Perloff et al. (1 969)
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K 0 . 2 7 Mo0 3
K ,NaAIF 6
K 2 NaCrF 6
K 2 NaCrF 6
K ,NaGaF 6
(K, Na)Ta0 3
KNbO"
KNb0 3
KNb0 3
KNb0 3
KNb0 3
K,Nb 6 0 17
KNiF"
K 3 Pb 3 N b 5 Zn0, 8
K(Ta , Nb)0 3
KTao.asNbo.osÜa
K(Ta, Nb)0 3
K(Ta , Nb)0 3
K(Ta , Nb)0 3
KTa0 3
KTa0 3
KTa0 3
K,Ta,0 11
K 2Ti 6 0 13
KV 2 F 6
La-compounds seealso
LaAIOa( 17 0)
LaAI0 3
LaAI0 3 (Mn)
LaAI0 3
LaB,
LaB 6
LaCo0 3
LaCr0 3
LaFe0 3
LaNb0 3
La(Y)Nb(Ta)O,

K 2 0 /Mo0 3
KCI /NaCI
PbF 2
KCI /NaCI
PbF 2

K,O
K,C0 3
K ,CO"
KF,KCI
K ,C0 3
K,Co 3
K,C0 3 /Li,C0 3
KCI
PbO

K,O
K ,C0 3
K 20 /K ,C0 3
K ,O /K ,C0 3
K,O /K ,C0 3
K 20
K 2 C0 3 /Li, C0 3
K, C0 3
Mo0 3
KCl f KF

KCI
RPbO /PbF 2
PbO /PbF 2 /B 20 3 /V ,0 5
Pb 7 0 2 F 10
PbO /PbF,
La
B2 0 3 (?)
PbO /PbF 2
PbF,
Pb0 /B 20 a
PbF 2
KF

EL
SC
SC
SC
SC
TSSG /SC
SC
TSSG /SC
SC
SC( X)
SC( X)
SC
SC
SC
TSSG /SC
TSSG /SC
TSSG /TR
TSSG /TR
TSSG /SC
SC
SC
EV
SC
SC
EV
SC
EV
SC
SC
VLS
EV
EV
SC
SC
SC /EV

575
985-700
975-600
975-600
1060 -5 50

3.5
3.5
3.5
3.5
0.5
0.5 - 1
0.5

~2

~2
~2

1070 - 1046
105012501100- 700
1200-800
-12651260
-1400-1000

3
1- 3 mm /h
5
2
5
0.5

-1200
13461400-1000
1250- 600
950-1400
1000-850
980-500

2- 4mm /day
0.5
2
10

1.5 x 1.5 x 1
17 g
30 x 30 x 15
2cm 3
10
12 - 15g
17 x 15 x 15
10 x 10 x 0.25
8
5
20 g
-7
25, 1300 g
40 X 40 X 30
12 X 8 X 5
33 g
280g
3 X2 X1

6- 18
5

1.5 x 1 p.m fibers
6

6 days
0.5
100h
1.5 - 2
16

3
11 x 9 x 6
3 X 3 X 0.4
10
5-8
0.05
2 X1X1
3 X3 X3
5 X1 X1
5

~1345 ~1045-

1085 -

1280
1300- 980
1200
1200-800
1700 - 1250
-1800
1250
1380
1300-850
1200-900
1250-850

6 days
50h
2
3
4.2

Wold et al. (1964)
Garton and Wanklyn (1967a)
Garton and Wanklyn (1967a)
Garton and Wanklyn (1967a)
Garton and Wankl yn (1967a)
Beln1ss et al. (1971)
Fukuda and Uematsu (1972)
Hurst and Linz (1971)
Matthias and Remeika (1951)
Miller (1958)
Timofeeva and Bychkov (1966)
Hirano and Fukuda (1968)
Wanklyn (1969)
Kojima and Nomura (1973)
Belruss et al. (1971)
Salnikov and Shelarkin (1967)
Bonner et al. (196 7)
Gentile and Andres (196 7)
Whipps (1972)
Belruss et al. (1971)
Bonner et al. (1967)
Demurov and Venevtsev (1971)
Roth et al. (1973)
Ovechkin et al. (1968)
Garrard et al. (1974)
Garton et a/. (1972a)
Kjems et al. (1973)
Tsushima (1966)
Zonn and Joffe (1968)
Deacon and Hiscocks (1 971)
Rea and Kostiner (1971)
Wanklyn (1972)
Tsushima (196 7)
Remeika (1963)
Hart and White, see White (1966)
Wolten and Chase (1967)
<A

--J
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Crystal

Solvent

Technique

La 2 Ü 3
LaOCI
LaOCI
Lal- xPbxMnOa
La 0 . 7 Pb 0 . 3 Mn0 3
LaS 2 _x
La,Si0 5
La 2Ti, 0 7
LiAIO,
LiAI0 2
LiAI 5 0s
y-LiB0 2
LiBaF 3
LiCuGe
Li 2 CuGe
LiFe 5 0 8
LiFe0 2
LiFe 5 0 8
LiFe 5 0 8
LiFe 5 0 8
LiFe 5 0 8
LiFes-xGaxÜs
LiFe 5 0 8
LiFe0 2
LiFe 5 0 8
LiFe 50 8(Zn, Co)
LiFe 5 0 8
LiFe 5 0 8
LiFeO,
LiGa0 2
LiGa0 2
LiGa0 2
(Li ,Ni)O
LiRF 4

Na Cl
LaCI 3
MgSO, + LaCI 3
PbO/PbF 2
PbF,
Na 2 Sx
KF
PbF2 /PbO/B 2 0 3
Pb0/B 20 3
Pb0/B 20 3
PbF2 /PbO
Li Cl
LiF
LiCI /LiF
LiCI /LiF
Li 2 0 /B,0 3
Li 20 /B 2 0 3
Li 2 0 /B 20 3 /Pb0
PbO /PbF 2
Li,C0 3
Pb0/B 2 0 3
Pb0/B2 0 3
Pb0 /B 2 0 3
Li 2 0 /B 2 0 3
LiF /Li,O /B 2 0 3
Pb0 /B,0 3
Pb0 /B 2 0 3
Li,SO,/ a,SO,
Ca SO,
Pb0 /B,0 3
Pb0 /B 20 3
Pb0/B 2 0 3
Na,SO,
LiF

CR/SC
CR
CR
SC/EV
SC
EV
SC/EV
SC/EV(X)
SC
SC
TSSG /SC

Temp. range

,.._,1000
1050
1050

1300- 850
1230
1300-840
11401300-800
950821-770

Cooling rate
duration

Crystal
size (mm)

Reference

50-80
2h
2h

small
3 x 3 plates
3 x 3 plates

,.._,25
1- 2.5
3 days
2.5-10
2.5
7-10
44kb
35 h

,.._,3
,.._,1
4X3X2
4 x 5 plate
6
,.._,6
2- 3
small
30 X 30 X 30

Wilke (1964)
Wanklyn (1972)
Wanklyn (1972)
Morrish (1970)
Nielsen and Dearborn (1960)
Scheel (1974)
Bondar et al. (1968)
Wanklyn (1972)
Schwarzerand Neels (1971)
Schwarzerand Neels (1971)
Anselm et al. (1966)
Marezio and Remeika (1966)
Neuhauset al. (1967)
Oleksiv and Kripyakevich (1967)
Oleksiv and Kripyakevich (1967)
Anderson and Schieber (1963)
Anderson and Schieber (1963)
Arai and Tsuya (1972)
Folen (1962)
Gambino (1967)
Pointon and Robertson (1967)
Petrakovskii et al. (1969)
Remeika and Comstock (1964)
Schieber (1964)
Schieber (1964)
Seleznev et al. (1971)
Spencer et al. (1968)
Wiekharn (1962)
Wiekharn (1962)
Remeika and Ballman (1964)
Schwarzerand Neels (1971)
Schwarzerand N eels (1971)
Wilke et al. (1965)
Gabbe and Harmer (1968)

SC
SC
SC
SC
LPE/EV
SC
SC
SC
SC
SC
SC
SC
CR
CR
SC
SC/EV
SC(X)

1100- 750
1090- 800
1000-600
13001000- 1400
1060-600
1050-300
800-300
1050- 700
1050-700
1150-400
1060800

2
2
4
1
5- 20 h
0.8
4
2

1300-500
1300-840
1140-

5
2.5-10
2.5

SC/TSSG

800-900-

0.5-2

6-2
1h

1.5

1.5
4 x4 x4
10 x 10 x 0.05
10 x 10 x 10
10
2mg
5mg
12
20g
small
small
12
1.5g
small
20 X 20
(120 g)

X

100

""'

00

Li 2 0 /W0 3
LixWOa
Li 2 Mo 2 0 7
LiRMo 2 0 8
Lu-compounds seealso RPbF 2 /PbO /B,0 3
LuCr0 3

EL
LPE

750-900
1050

15-50 mA

EV

1260

9 days

3

5
7
3
5 days
2-7
500h

4X3
12 X 8
3X3X3
10 x 10 x 10
3
25
25
25
2.5
2 x 0.3 x 0.2
2
small
0.5

Shanks et al. (1962)
Clark et al. (1972)

31-'m

MgA1 2 0 4
MgA1 2 0 4
MgA1 20 4
MgA1 20 4
MgA1 20 4
MgA1 20 4
MgA1 2 0,
MgA1 2 0 4
MgAlFeO,
MgAl,SiaO,o
MgaB 2 0a
MgCa 3 Si 20 s
MgCu 2 etc.
MgFe 2 0,
MgFe,O,
MgFe 2 0 4
MgFe,O,
MgFe 2 0 4
MgFe, O,
MgGa 20 4
MgGeP 2
Mg 14Ge 5 0 24

BaF 2 /MgF 2
BaF 2 /MgF 2
Pb 20F 2
PbF 2
PbO jPbF 2 /B, 0 3
PbF 2 /B 20 3
PbF 2 /B 2 0a
PbF 2 /B 2 0 3
Pb0 /B 20 3
Li 20 /WOa
Na 2 0 /B 20 3 , Pb0/B 2 0 3
PbO
MgCI 2
Na 20 /W0 3
Pb0 /B 2 0 3
PbO
Pb0 /B 2 0 3
PbF 2
Pb 2P 2 0,
Pb,OF 2
Sn
PbO

CR/SC
CR/SC
SC
EV
SC
EV
EV
EV
SC
TR
SC
SC
SC
SC
SC
SC
SC
EV
SC
SC
SC
SC

1650-1510
1640- 1500
1260- 1000
1200-1175
1300-900
1250
1250
1250- 1220
1300-850
600- 800
1120-600
1350- 900
92013001300- 850
1310- 900
1300-900
1100
1310-900
1250-850
-750
1300-900

Mg 28 Ge 7 • 5 Üas F 10
MgMo0 4
Mg0( 17 0)
MgO
MgO
MgO
MgO
MgP 4
Mg 2Si0 4

PbF,
Li Cl
PbF,
KOH
PbF 2
Na 20 /W0 3 /P 2 0 5
PbF 2
Bi/Pb/Sn
PbO

SC
SC
EV
SC
SC
TR
EV
SC
SC

12508001280
600- 200

4
0.7
5 days
5-40

1300- 1200
1230
1100-450
1350-900

6 days
0.3 mm/day
1
2

8 days
2
4.5-45
2

X

2

2
2
5
6

5
2-4
2-4

4.3
0.5

3
1 -2 g

X

2

4
small
1
5X3X2
1
,_,3
5X2X2
1 cm 3
20 x 3 x 0.1
small

Wanklyn (1972)
Dugger (1966)
Dugger (196 7)
Linares (1962c)
Robertson and T aylor (1968)
Tabata and Okuda (1971)
Wang and Zanzucchi (1971)
Wang and McFarlane (1968)
Wood and White (1968)
Remeika (1963)
Scheel (1968)
Kleber et al. (1967)
Grodkiewicz and V an Uitert (1963)
Nakatani et al. (1970)
Kunnmann et al. (1965)
Remeika (1958b, 1963)
Rozhdestvenskaya et al. (1962)
Rozhdestvenskaya et al. (1962)
Viting (1965)
Wiekharn (1962)
Giess (1962b)
Spring-Thorpe and Pamplin (1968)
Von Dreele et al. (1970)
Kostiner and Bless (1971)
Bless et al. (1971)
Packterand Roy (1971)
Garton et al. (1972a)
Kleber et al. (1967)
Nielsen and Dearborn (1958, 1960)
Vora and Zupp (1970)
Webster and White (1969)
Gibinski et al. (1974)
Grodkiewicz and V an U itert (1963)
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Crystal

Solvent

Technique

Temp. range

SC
SC
SC
SC
SC
CR
TR
SC
SC
SC
SC
SC
EL
SC
TR(X)
SC
CR/SC
SC
SC /TR
SC
SC
SC
SC/CR
CR /SC
CR /SC/EV
SC
C R /SC
SC
AC RT/SC
SC/CR
SC
EL
EL
THM
SC /EV

1500 - 1100
1240 700 - 800
1000 1100 - 1250 -700
658-710
500 -300
1300- 800
1220-850
125011001320- 950
725
1150 - 950
1200- 1300

Cooling rate
duration

Crystal
size (mm)

5
5- 50

10
small
small
small
10 X 5

"'00
0

Reference
- - --

Mg 2 Si0 4
MgSnB 20 6
Mg WO,
MgW0 4
MgWO,
MnA1 6
Mn Bi
MnCr 2 0 4
MnxCra- xÜ4
MnCr 2 0 4
MnCr 2 0 4
MnFe 20 4
Mn 2 _xFexÜa
MnxFe 3 _ _, 0 4
MnFe 2 0 4
Mn Ga,
Mn 5 Ge 3
MnNb 20,
Mn 20 3 (A l, Fe)
MnO
Mn 3 0 4
Mn 20 ,
Mn 3 0 4
Mn 2 0 ,
n-MnS
MnS 2
Mn , Si,
MnSnB 2 0 6
Mn Te
MnW0 4
Mn WO,
Mo0 2
MoO,
Mo0 3
M~S ,

Li 2 0 /Mo0 3
M gB 20 4
Li Cl
Na 2 SO,, Na 2 0 /W0 3
Na 2 W 20,
Al
Bi
Bi 2 0 3
PbO /PbF 2
Na 2 0 /W0 3
Bi Fa
Pb0-B 2 0 3
Na,O /W0 3
Bi 20 3 /V 20 5
Na 2 B4 0 7
Ga
Hg
Na 20 /W0 3
PbF 2 /PbC1 2
PbF,
Na, B,O,
PbF 2
PbF 2 /PbO /B 2 0 ,.
LiCI, NaCI, Na 2S0 4
Na 2 S_,
PbCI 2
Hg
MnB 2 0,
Te
Na,O /WO,
Na,SO,, Na,W 20 7
Na 2 0 /Mo0 3
Na, Mo0 4
Na 3 AlF 6
Na,S _,

2.5
1.5
1
5
5
1- 2
90mA
0.5

700 - 800
1260- 700
800- 850
1050 - 950
1050 - 900

5 h , ~200
3

1280 - 950

1.2
50-80

10 -25
1

X

5

3
4

s
2-3
10, 0.5 g
6 -7
1
small
4 X1X1
11 X 9
3
14 X 1 X 1
~3

~1000

~700 - 300

750- 400
550
111 0 1018 - 920
1250- 600
1000 675
675
700 - 645
750 - 300

0.75 V, 20 mA

7 X5X5
small
<1
small
small
small
50 X 15 X 15
3X3X3
small
7X3X2

0.5/min .
25

1

~25

3. 5
20 h , ~200
5-50
0.4
1.5

X

1

Vutien et. al. (1972)
Schultze et al. (1971)
Packter and Roy (1971, 1973)
Schultze et al. (1967)
Van Uitert and Soden (1960)
Barber (1964)
Ellis et al. (1957)
Mikami (1971)
Nevriva (1971)
Kunnmann et al. (1965)
Tsushima et al. (1968)
Bibr et al. (1966)
Barksand Kostiner (1966)
Nevriva and Holba (1972)
Timofeeva and Zalesskii (1959)
Girgis an d Schulz (1971)
Mayer et al. (1967)
Wanklyn (1972)
Espinosa (1971)
Linares (1962c)
Nielse n (1969)
N ielsen and D earborn (1960)
Wanklyn (1972)
Wi lke (1964)
Scheel (1974)
Wilke et al. (196 7)
Mayer et al. (1967)
Schultze et al. (1971)
Mateika (1972)
Wankl yn (1972)
Sch ultze et al. (1967)
Perloff and Wold (1967)
Wold et al. (1964)
Vigdorovich and Marychev (1964)
Scheel (1974)

NaBa 2 Nb 5 0 15
Na 2 C0 3
NaCrS 2
Na 2 Sx
NaFeTi0 4
Fe 20 3
Na 0 • 5 Gd 0 . 5 Mo0 4
Na 2 0 /Mo0,
Na,HfSi0 5
Na 2 Si0 3
NalnS 2
Na 2 Sx
Na 0 • • La 0 . 5 Fe 1 2 0 19
Na.co.
NaMo 6 0 17
Na 20 /Mo0 3
NaNb0 3
NaF/NaHC0 3
NaNb0 3
NaF
NaNb0 3
NaF
NaNb0 3(V)
Na 20 /V 2 0 5
NaNb0 3
Na 20 /W0 3
NaScTi0 4
Na 20 /Ti0 2
NaTa0 3
NaB0 2 /Na 2 C0 3
Na 2Ta 4 0u
Mo0 3
NaxW0 3
Na.o;wo.
NaxW0 3
Na 2 C0 3
NaxW0 3
Na 2 0 /W0 3
NaxW0 3
Na 20 /W0 3
NaxW0 3
Na 20 /W0 3
NaxW0 3
Na.o;wo.
NaxW0 3
Na 20 /W0 3
Na 2 ZrSi0 5
Na 2Si0 3
Nb 3 Sn
Sn
Nd-compounds seealso RNdAI0 3
PbO/PbF 2
NdA10 3
PbO /PbF 2
3Pb0/4PbF 2
NdaFe•- xScxOl2
Nd 3 Ga 5 012
PbF 2 /PbO
NdNa 5 W 4 0 16
Na 2 W0 4
NdNb0 4
PbF 2
Ni
NiC1 2
Ni
NiCI2 + KCI + Al
NiA la
Al
NiF 2
KCI , PbC1 2 /PbF 2
NiFe 2 0 4
Pb0-B 2 0 3
NiFe 20 4
Na 2Mo 2 07

SC
CR/SC/EV
SC
SC
SC
CR /SC/EV
SC
EL
SC
SC
SC
SC
SC
SC
SC
EV
EL
EL
EL
EL
EL
TSSG /EL
EL
SC
SC
SC
SC
SC
SC
SC
SC
CR
CR
CR
SC
SC
SC

1500-1300
1000-300
13501050- 700
1350- 800
~750 -300

1350- 1040
550
1300- 200
1300-

2

~3

~25

20 X 20 X 0.2
10 X 1 X 1
1.2g

20
10
~25

0.5
40

15 x 15 x 0.2
2 X2 X3
1
10

X

10

3

X

~2mm

13001260- 950
1150-850
1250950 - 1400
750-803
800
750-900
750- 900
700 - 900
720 - 800
700
1350-800

5- 30
2
20

1300-800
1280-910
1260- 950
1240-900
1100- 700
1200-800
1000
800
730
930- 650
1320-950
1200- 700

4.5
0.7
5

~zoo

6 X6 X 3
10 X 1 X 1
1

~1ooo o c

3 x 0.1 x 0.1
15-50 mA
10- 75 mA
30 X 30 X 30
1 - 1.5 V, 30-50 mA ~10
0.5- 3 V, 10-20 mA 10 x 10 x 10
<4
0.1 - 8
10

5
5
5- 60 min.
3
1- 2
3

~5
~3

6 X6
0.3 g
0.1
5
1- 10 1-'m
small
4

X

~8

3

1.5

X

1.5

Giess et al. (1969)
Scheel (1974)
Reid et al. (1968)
Schieber (1964)
Chukhlantsev and Poleskev (1965)
Scheel (1974)
Summergrad and Banks (1957)
Wold et al. (1964)
Cross and Nicholson (1955)
Gliki and Timofeeva (1960)
Matthias and Remeika (1951)
Miller et al. (1962)
Wanklyn (1972)
Reid et al. (1968)
Kay and Mi! es (1957)
Roth et al. (1973)
Fredlein and Damjanovic (1972)
Scott et al. (1970)
Shanks et al. (1962)
Shanks (1972)
Welleret al. (1970)
Wellerand Grandits (1972)
Wilke (1968)
Chukhlantsev and Poleskev (1965)
Hanak and Johnson (1969)
Zonn and Joffe (1968)
Garton and Wanklyn (1967b)
Loriers et al. (1971)
Schieber (1964)
Hong and Dwight (1974)
Lou and White (1967)
Lefever (1961)
Lefever (1962)
Barber (1964)
Wanklyn (1969)
Bibr et al. (1966)
Damay and Heindl (1965)

<.n
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Crystal

NiFe 2 0 4
NiFe 2 0 4
i(Zn)Fe 2 0 4
NiFe,0 4
NiFe 2 0 4
NiFe, o.
NiFe 2 0 4
NiFe,o.
Ni(Zn, Co)Fe 2 0 4
Ni(Zn)Fe 20 4
NiFe 2 0 4
NiFe 2 0 4
NiFe 20 4
NiFe 2 0 4
NiFe 2 0 4
NiFe 20 4
NiFe 20 4
NiFe, O,
Ni 1+xGaxFe 2 _ 2.,0 4
NiMn 20 4
NiNb 2 0 6
NiO
NiO
NiO
NiO
NiO(Li)
NiS 2
NiS,
Ni 2 Si
NiTi0 3
NiTi0 3
NiW0 4
NiW0 4
NiW0 4
Np0 2

Solvent

BaO /Bi,0 3 /B 20 3
Na 2B 4 0 7
Na CO,
Bi,o. ;v , o ,.
PbO/PbF 2
Na,Fe 2 0 4
PbF 2 /PbO
PbO /PbF,
Pb0/B 2 0a
PbO /PbF 2
NaB0 2 / aF
PbO
Ba0/B 2 0 3
PbO
Pb0/B 2 0 3
BaO /Bi 2 0 3 /B 2 0 3
PbO
Ba0/B 2 0 3
Pb0/B 2 0 3
Bi,0 3 /B 2 0 3
Na,O /W0 3
NaCI,PbF 2
PbF 2
PbF 2
KF, Li Cl, Na 2S0 4
Na 2S0 4
Na 2 Sx
PbCI,
Hg
Pb0 /V 2 0 ,.
Pb 2V 2 0 7
Na 2W0 4 + NiCI 2 + NaCI
Na,so •• Na,O /W0 3
Na,o;wo.
PbF 2 /B 2 0 3

Technique

Temp. range

Cooling rate
duration

Crystal
size (mm)

SC
SC
LPE/EV
SC

1320-1150
1330- 1250
1000- 1400
1350-950

1
2
5-20h
1

5
2
10
3
6

TR
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
TR/TSSG
SC
SC
SC
SC
SC
SC
CR/SC

1350
1220- 900
1220- 900
12801220-1150
11001330-850
1300-1 187
1300-900
1300-850
1350- 900
1280-900
1230
1250-900
1280-860
1260-700

14 days
3-4
3
4
2
0.3
10
0.5
10
2
0.8
5.4

~10

CR /SC/EV
SC
CR/SC
SC
SC
SC/CR
SC
SC/CR
TR/SC

1200- 900
1290-800
~1000

800-300
750-400
500
1320-950
90010001250- 600
1350-1250

1
1
3

X

10

X

0.05

10
10
4
15
5-7
3
5
5
2-3
10 X 8

X

8

~25

6
2.5 x 0.7 x 0.7
small
0.5
6
small
small
1X1X1

3.5

~2

10h,~200

1

small
3X3X3
10

1.5

small
6X6X6
3X2X2

3
2
50-80

0.5

Reference

EI weilet al. (1972)
Galtet al. (1950)
Gambino (1967)
Garton et al. (1972b)
Gendelev et al. (1964)
Kunnm ann et al. (1963)
M akram and Krishnan (1962)
Makram and Krishnan (1963)
Manzel et al. (1963)
Manzel (1967)
Neuhausand Liebertz (1962)
N owicki (1962)
Quon et al. (1970)
Remeika (1954, 1958b)
Remeika (1963)
Robertson et al. (1969)
Sekizawa and Sekizawa (1962)
Smith and EI weil (1968)
Krishnan (1968b)
Makram (1967)
Wanklyn (1972)
Packter (1968)
H art and White, see White (1966)
Hili and Wanklyn (1968)
Wilke (1964)
Wilke et al. (1965)
Scheel (1974)
Wilke et al. (1967)
Mayer et al. (1967)
Garton et al. (1972b)
Wanklyn (1970)
Keeling (1957)
Schultze et al. (196 7)
Wanklyn (1972)
Finch and Clark (1970)
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Np0 2
Np0 2
Np0 2

PbF 2 /B 2 0 3
Li 2 0 /Mo0 3
Li 20 /Mo0 3

PbAI 12 0 18
PbO /PbF 2 /La 2 0 3
PbA1 12 0 18
PbO /PbF 2 /B 2 0 3
PbAI 120 10
Pb,OF,
PbAI,Si 20 8
PbO/PbF,
Pb 3 CdNb 2 0 9
PbO
Pb,CoW0 6
Pb0 /W0 3
Pb 3 M(Nb, Ta) 2 0 9
PbO
with M = Co, Mg, Ni, Zn
PbCr0 3
PbO
PbCr0 3
PbO
PbFe 120,.
PbO/PbF 2
PbFe 12 0 22
Pb(Fe, Al) 12 0 18
PbO /PbF 2 /B 20 3
Pb 2 FeTa0 8
PbO
PbGa,,o,.
PbF 2 /Bi 20 3 /La 2 0 3
Pb 3 MgNb 20 9
PbO
Pb 3 MgNb 2 0 9
PbO /MgO /B 2 0 3
Pb 3 MgNb,0 9
PbO
Pb(N0 3),
KN0 3 /NaN0 3
or KN0 3 /LiN0 3
Pb 3 NiNb,0 9
PbO
Pb 3 NiNb 2 0 9
PbO
PbS
Na,Sx
PbSO,
Na,SO,
PbxSr1 _xTiOa
PbO /SrO /B,0 3
PbTa 2 0 6
Pb 2V 20 7
PbTa,0 6
Bi 20 3 /B 20 3
Pb 3Ta 4 0 13
PbF2 /Ta 2 0 5
Pb Te
Pb
PbTi0 3
Pb0 /V 20 5
Pb(Ti, Zr)0 3
KF/PbF,; PbO/PbF2
Pb(Ti, Zr)0 3
KF/PbF 2
Pb(Ti, Zr)0 3
PbF 2 /KF
PbTi0 3
KF

EV
TR
EV

1250- 1350
1315 - 1310
1250- 1350

4-10 days

SC
SC
SC
SC/CR
SC
SC
SC

1250- 1000

4

1260- 1000
1250-900
1200-800
1200-800
1300-800

3
0.5-1
5-10
5
30-100

HPS
HPS
SC
SC
SC
SC
SC
SC
TSSG/SC
SC
EV

900
1150
13501390-900
1300-950
1200-900
1250-1000
12001150
1200-800
140-250

60-65 kb
65 kb
1- 3

SC
SC
CR/SC/EV
SC/EV
THM/TR
TSSG/SC
TSSG/SC
CR/SC
LPE /SC
SC
SC/EV
SC
SC
SC

12001200-800
650-300
900-700
~1100

1186
1054
1100-800

4 - 10 days

0.5-5
5-10
4
20-40
0.5
10-60
2 days
20-40
10-60
25
10
0.1-10/day
1.5, 4.0
1.5, 4.0
3-5
12-60

3
2
3

Finch and Clark (1970)
Finch and Clark (1970)
Finch and Clark (1970)

2
1
3X3X3
15 x 2 x 0.1
10

Chase and Wolten (1965)
Corner et al. (1967)
Linares (1962c)
Scheel (1971)
Ichinose et al. (1971)
Bokov et al. (1965)
Bokov and Mylnikova (1961a)

1-2

Chamberland (1967)
DeVries and Roth (1968)
Komatsu and Sunagawa (1964)
Schieber (1964)
V an Uitert et al. (1970b)
Nomura et al. (1968)
Chase and Wolten (1965)
Bokov and Mylnikova (1961b)
Bonnerand V an Uitert (1967)
Mylnikova an d Bokov (1962)
Egghart (1967)

small
0.25
20
0.8 g
25 X 20
1X1X1
2
10 X 10
0.5
5- 10
0.5
1X1X1
1
20 X 10 X 10
5 x 2 x2
4

~1200 -800

1200-800
1150-950
1000-700
920-600

20
7
40
60

0.1

X

0.08

X

~o.5

9

X

7

X

0.05

0.03

Bokov and Mylnikova (1961 b)
Mylnikova and Bokov (1962)
Scheel (1974)
Pate! and Bhat (1971)
Dibenedetto and Cronan (1968)
Bruton and White (1973)
Bruton and White (1973)
Weaver and Li (1969)
Wagner and Thompson (1970)
Belyaev and Nesterova (1952)
Fushimi and Ikeda (1964)
Fushimi and Ikeda (1965)
Ikeda and Fushimi (1962)
Kobayashi (1958)

"'w00

Crystal

Solvent

Technique

Temp. range

5- 7
5
50

Crystal
size (mm)

PbCI 2
PbTi0 3
PbTi0 3
PbO
PbO
PbTi0 3
PbTi0 3
Pb0 /B,0 3
Na,Si0 3
PbTi0 3
PbTi0 3
Pb0 /B2 0 3
various
Pb(Ti, Zr)0 3
Pb(Ti, Zr)0 3
KF /PbF 2 /Pb 3(P0 4) 2
Pb(Ti, Zr)0 3
KF /PbF 2 /Pb 3(PO,),
PbTiP 2 0 8
Pb 2P 2 0 7
Pb WO,
Na, WO,
Pb 3 ZnNb 20 9
PbO /Na,B,O,
Pb 3 ZnNb 2 0 9
Pb0 /B 20 3
Pb 3 ZnNb,0 9
PbO
PbZr0 3
PbF 2
PbZr0 3
PbF 2 /PbO /B 2 0 3
Pr-compounds seealso RPrAI0 3
PbO /PbF 2
PrAI0 3
PbO/PbF 2
PbF 2
PrAI0 3

SC?
SC
SC
SC

120012501280-800

5- 10
50
2- 3

SC
SC
EV

1285-960
1300-800
850

3.5
4.5

2

Pra(Fe, Sc).0 12
Pr0 2 _ x
Pt,Si
Pu0 2

SC
SC
CR /SC
TR

1260-950
1260- 1000
450-550
1300-1270

5
3
-200
1 mm/weak

1- 2
1- 2
small
3 X3 X2

1200
1260- 1000
1300-850
1290-800
1315 - 815
1250-1000
1300-950
1250

32.5 kb, 4h
3
30
2
2
4.2
0.25 - 2
100h

small
6 x6 x3
-1
3-6
3-6
2-10

3Pb0/4PbF 2
PbO
Hg
Li 2 Mo 20,

SC
SC
SC
SC
SC
SC
SC
SC
SC
SC /CR
SC

R-compounds seealso individual rare earths and yttrium!
RAI0 3(R = Dy-Lu)
NaOH
HPS
RAI0 3
Pb 2 0F 2
SC
RAI0 3
PbO
SC
RAI0 3
PbO/PbF 2 /B20 3
SC
RAI0 3
SC
Bi 2 0 3 /B2 0a
R 3 AI.0 12
PbO/PbF 2
SC
R 3Al. 0 12 (Cr)
PbO /PbF 2 /B 20 3
SC
PbF 2 , PbF 2 /PbO
EV
RaA I.0 12

-900-500
1100-700
1300- 1040
-1000-850
-1000-850
960-600
-1250-550
1140-700
1115-800
1280-910
1000-

Cooling rate
duration

5-20
5- 20
3-40
5
2

5X3X1
3 X 1.5 X 0.2
2-3
4 x 0.1
1- 2.5
4 x 1.5 x 0.5
small
0.8 X 0.8 X 0.5
2 x O.S x 0.1
8
0.3
1-3

-s

8

X

8

X

8

Reference

Nomura and Sawada (1952)
Remeika and Glass (1970)
Rogers (1952)
Sholokhovich (1958)
Sholokhovich and Berkova (1955)
Sholokhovich and Khodakov (1962)
Tsuzuki et al. (1968)
Tsuzuki et al. (1969)
Tsuzuki et al. (1973)
Wanklyn (1972)
Schultze et al. (1967)
Berezhnoi et al. (1968)
Krainik et al. (1971)
Yokomizo et al. (1970)
Jona et al. (1955a)
Scott and Burns (1972)
Garton and Wanklyn (1967b)
Zonn and Joffe (1968)
Vutien and Anthony,
after Laurent (1969)
Loriers et al. (1971)
F eigelson (1971)
Mayer et al. (1967)
Finch and Clark (1972)
Dernierand Maines (1971)
Linares (1962c)
Remeika (1956)
Wanklyn (1969)
Wanklyn (1969)
Chase and Lefever (1960)
Kestigian and Holloway (1967)
Tsushima (196 7)
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-1>-

RAI,(B0 4 ),
RAs0 4
RAs0 4
RB 4
RB 4
RB0 3
RCo0 3
RCr0 3
RCr0 3
RCr 3(B0 4 ):,
RF 3
RFeO"
RFe0 3
RFe0 3
ReFe0 3
RFe0 3(Bi)
RFe0 3
RFe0 3
R 3 Fe 5 0 12

K ,S0 4 /Mo0 3
Pb 2 As 20 7
Pb 2 As 2 0 7
Al
R
PbO, PbO/PbF 2 /Mo0 3
PbO
PbO, Bi 2 0 3
PbF 2 /B,0 3
K 2S0 4 /Mo0 3
BeF 2
PbO /PbF 2 /B 2 0 3
PbO /PbF 2 / B20 3
PbO
Pb0/B 2 0 3
PbO /Bi 20 3 /B,0 3
Pb0/B 20 3
PbO/PbF 2 /B2 0 3
PbO;Bi,0 3

SC
SC /EV
SC
SC
SC
SC
SC
SC
EV
SC
SC
SC
SC
SC
SC
SC
LPE /SC
SC
SC

1150-900
1300-925
1250 1550 - 1000
1700-1000
1280-800
1300-850
1300-850
1240
1150- 900
11001300- 950
1300- 850
1300-850
1300- 950
1300-950
1150 - 1100
1290- 850
1350 - 930

2
1- 4
2
10 min.
10min.
1- 6
30
30
10 days
2

R 3 Fe 5 0 12
RGa0 3
RGa0 3
RGa0 3
RGa0 3
R 3 Ga 5 0, 2
R 3 G a,0, 2
RGe 2
R 2 Ge0 5
R 2Ge 2 0 7
R,GeMo0 8
R,Gewo.
RLiF 4
RMn0 3
RMn0 3
RMn0 3
RMn0 3
RMn 20 5

PbO/PbF 2 /B 2 0 3
PbO
NaOH
NaOH
Pb0 /B2 0 3
PbO/PbF 2
PbO /PbF 2
Hg
Pb0/Ge0 2
PbF 2
Pb0/Mo0 3
Pb0/W0 3
LiF
Bi 20 3
Bi 20 3
PbF 2 /PbO /B2 0 3
Bi 2 0 3
PbO/PbF 2 /B.0 3

SC
SC
HPS
HPS
SC
SC
SC
CR/SC
SC
EV
SC
SC
TSSG /SC
SC
EV
SC
SC
SC

1300- 950
1300 - 850
1000
1000
13001250- 1000
1250
450 - 550
1270 - 800
1270
1290 - 900
1280- 900
800- 900 1400- 1000
1450
1280 - 900
12001280 - 900

0.5 -0.8
30
72 kb , 200
72kb
1-5
4.2
100 h

0.5-1
2- 4
30
2
1-4
2- 20
2
1

~zoo

5
1 week
2-3
4
0.5- 2

2
2

10
7 X 2 X 0.2
6.5 X 1 X 1
1

small
~8
~1

~1
~s

10
small
2-18
10
~1

10

X

5

X

2

~10

4,.,.m/h
5
6g
50
~1

small
small
small
2- 10
8 X8X8
small
8
8
2
2
20 X 20 X 100
1
1
Plates ~ 20 mm 2
0 .5

Ballman (1962)
Feigelson (1967)
Hintzmann and Müller-Vogt (1969)
Fisk et al. (1972)
Fisk et al. (1972)
Wanklyn (1973b)
Remeika (1956)
Remeika (1956)
Wanklyn (1969)
Ballman (1962)
Van Uitert et al. (1969)
Gendelev and Titova (1971)
Giess et al. (1970)
Remeika (1956)
Remeika and Kometani (1968)
Remeika et al. (1969)
Shick and Nielsen (1971)
Wanklyn (1969)
Nielsen and Dearborn (1958),
Nielsen (1958)
V an Uitert et al. (1970c)
Remeika (1956)
Marezio et al. (1966)
Marezio et al. (1968a)
Marezio et al. (1968a)
Chase and Lefever (1960)
Tsushima (1967)
Mayer et al. (1967)
Wankl yn (1973a)
Wankl yn (1973a)
Swithenby et al. (1974)
Swithenby et al. (1974)
Gabbe and Harmer (1968)
Bertaut et al. (1963)
Bertaut et al. (1963)
Wanklyn (1972)
Yakel et al. (1963)
Schieber et al. (1972a)
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Vl

V1

Crystal

RMn 2 0 5
RMnx
RN
RN
R 0 . 5 Na 0 . 5 Mo0 4
RNb0 4
R a b07
ROF
R 2r3 Pb 1 r3 Mn0 3
RP0 4
RP0 4
RP0 4
RP0 4 (Tb-Er)
RP0 4 (La-Gd)
RSc0 3
RSi 2
R 2Ti 2 0 7
R 2Ti0 5
Rvo.
RV0 4
RV0 4
RV0 4
Rb 2CoCI4
Rb 3 CoCI 5
RbCoCrF 6
RbCoVF 6
Rb 2 KGaF6
Rb 2 KGaF 6
Rb,Mn 2Cl 4
Rb 2MnCI4
Rb 2 MnF 4
Rb,MnF,
RbMnCrF 6
RbNiF 3
RbNiFeF 6

Solvent

PbF 2 /PbO /B 20 3
Hg
Hg
Hg
Na 2 0 /Mo0 3
Bi 20 3 /B, Oa
PbO/PbF 2
PbO /PbF 2 /Al 2 0 3
Pb 2 0F 2
Pb 2P 2 0 7
Pb 2P 20 7
Pb,P,07
Pb 2P 2 0 7
Pb 2P 20 7
PbO
Hg
PbF 2
PbO
v.o.
Pb 2V 2 01
Pb 2V 2 0 7
Pb 2V 2 0 7
CoCI 2
CoCI 2
RbCI /CoCI 2
RbCI/CoCI,
RbCI/KCI
PbF 2
Rb Cl
Rb Cl
RbF
RbF + YF 3
RbCl /MnCI 2
Rb Cl
RbCI/NiCI 2

Technique

SC
CR
CR/SC
CR/EL
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
CR/SC
EV
SC
TR
SC
SC
SC
SC
SC
SC
SC
SC
SC
TSSG/SC
TSSG/SC
EV/CR

Temp. range

Cooling rate
duration

Crystal
size (mm)

1280-900
700-1100

1.2

7X5X5
small
small
small
1.2g
5
1

~320

1000
1250-850
1340- 1050
1285-950
1280- 845
11501300-975
1150-950
1330- 930
1320-950
1330- 1050
1300-850
450 - 550
1235
1280-940
1000
1300-950
12501330-930
5385069509501060-550
1060-550
475462600-700600-700900800- 900
950-

1.1-3.2
3
3
3
4
2
0.6-0.9
1
1
30
~200

1 week
3
2-4
2
0.6-0.9

3.5
3.5
5-10
5-10

1-5
25 x 4 x 0.5
15 x 1.5 x 1
15 X 2 X 2
20 X 2 X 2
3 x 0.5 x 0.2
~1

small
3
3
10
6 x 0.5 x 0.1
7 X 3 X 0.5
15 X 2 X 2
~0.5 cm 3
~0.5 cm 3
8
4
~2
~2

25 X 14
25 X 14
25-30 g
25-30 g
2
15 X 5 X 5
3

Reference

Wanklyn (1972)
Kirchmayr (1965)
Busch et al. (1970)
Magyar (1968)
Schieberand Holmes (1964)
Garton and Wanklyn (1968)
Garton and Wanklyn (1968)
Garton and Wanklyn (1968)
Janes and Bodnar (1971)
Feigelson (1964)
Hintzmann and Müller-Vogt (1969)
Smith and Wanklyn (1974)
Wanklyn (1972)
Wanklyn (1972)
Remeika (1956)
Mayer et al. (1967)
Garton and Wanklyn (1968)
Garton and Wanklyn (1968)
Brixner and Abramson (1965)
Feigelson (1968)
Hintzmann and Müller-Vogt (1969)
Smith and Wanklyn (1974)
Makovsky et al. (1974)
Makovsky et al. (1974)
Nouet et al. (1971)
Nouet et al. (1971)
Garton and Wanklyn (1967a)
Garton and Wanklyn (1967a)
Makovsky et al. (1971)
Makovsky et al. (1971)
Gabbe and Linz (1974)
Gabbe and Linz (1974)
Nouet et al. (1971)
Syrnikov (1971)
Nouet et al. (1971)

00

"'

RbxWOa
RbZnCrF 8
Sb SI
Sb SI
SeN
Sc 2 0 3
Sc 2Ti0 5
Se
Si
Si
Si
Si
Si
Si
Si
Si
Si
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
SiC
Si 3 N 4
Si0 2

Rb 2 C0 3
RbCI/ZnCI 2
Sbi 3
Sbi 3
Hg
PbO/PbF 2
Na.wo4
Tl 2 Se 3
several metals
Al, Ag, Au, Zn
Ga, Sn
Au
Au, Ni
Ga, In
Au
Au
Au etc.
Si
Si
Si
Si
Si
Cr
Si
Si/Al
Cr
Cr
Cr
Co /Si
Si
Si
Si
Cr
Cr
Cr/Si, Cr/Ta
Si
Li 2 0 /Mo0 3

EL
SC
SC
CR/SC
SC
SC
VLS
SC
SC
SC
VLS(X)
VLS(X)
SC
VLS
VLS(X)
VLS
TR
VLS
TR/SC
SC
THM
TSM
TSSG
LPE
TR
TSM/LPE
TSM
TSSG
SC
TR
TR
SC
TS.M
TSM
TR
EV

-1
1

800
650 450475-350
-320
1260-1000
1460-1000
185
800-1000980- 1050500
950-1150
-1050
950
-750 -950
-1600
1400-1450
1450-2600
1800-1400
1800
-1750
-1665
1600
1750- 1800
1750
-1650
-1600- 2000
2000
1500
1900- 1640
1650-1900
1400-1700
1650
1165

12
0.4-0.75
3
2
25 JLm /h
0.15, 0.7, 1.5
0.7
0.15, 1.5
60h

1 JLm /min.

-6JLm/min.

8- 24h
50°/cm
26
3mm/day
-0.1 /h
6-12 h
5 days

10 x 5 x 0.5
30 X 6 X 6
small
2
2 X1 X1
0.5 X 0.03
small
small
small
15 JLffi layer
Whisker
small
15 x 0.3 x 0.3
0.2 Whisker
0.2 Whisker
15 x 0.1 x 0.1
5X1 X1
1
0.2
small
10 X 3 X 3
4
0.1
12
210J.Lm/h
small
10 x 2 x 0.2
1g
2 x 0.5 x 0.5
small
fewmm
5X5X2
4 x 0.3
0.5

Scott et al. (1970)
Nouet et al. (1971)
Mori and Tamura (1964)
Nassau et al. (1970)
Busch et al. (1970)
Feigelson (1971)
Ito (1971)
Keezer and Wood (1966)
Faustet al. (1968)
Faust and John (1964)
Faust and John (1964)
Filby and Nietsen (1966)
J ames and Lewis (1965)
Keck (1953)
Wagner and Doherty (1966)
Wagner and Ellis (1964)
W agner and Ellis (1965)
Bartlett et al. (1967)
Berman and Ryan (1971)
Beckmann (1963)
Bibr et al. (1966)
Gillessen and Von Münch (1973)
Griffiths and Mlavsky (1964)
Halden (1960)
H all (1958)
Kalnin and Tairov (1966)
Knippenberg and Verspui (1966)
Kumagawa et al. (1970)
Marshall (1969)
Marshall (1969)
N elson et al. (1966)
Shaskov and Shushlebina (1964)
Wolff et al. (1969)
Wolff et al. (1969)
Wright (1965)
Inomata and Yamane (1974)
Osmer and Chase (1972)
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Cooling rate
duration

Crystal
size (mm)

Reference

750

35 kb, 15 h

-750
1150- 400

10

small
5 X 0.5 X 0.1
20 X 2 X 2

Robertson et al. (1957)
Spring-Thorpe and Pamplin (1968)
Spring-Thorpe (1969)

2
-10
3

Garton and Wanklyn (1967b)
Zonn and Joffe (1968)
Sturgeon et al. (1974)
Pierce et al. (1969)
Schieber (1964)
V an Uitert et al. (1970a)
Schieber (1964)
Schieber (1964)
Schieberand Holmes (1965)
Quon et al. (1971)
Hart and White, see White (1966)
Kunkle and Kohnke (1965)
Faust and John (1964)
Linares (1962c)
Packterand Roy (1971)
Drofenik et al. (1973)
Drofenik et al. (1974)
Brixner (19 59),
Brixner and Weiher (1970)
Goto and Takahashi (1973)
Shick and Buessen (1969),
see Gambino and Leonhard (1961)
Sugai and Wada (1971)
Belruss et al. (1971)
Packterand Roy (1971)
Brixner and Weiher (1970)
Brixner and Weiher (1970)
Bouchard and Gillson (1972)
Packterand Roy (1971)
Patel and Bhat (1971)
Pateland Bhat (1971)

Temp. range

Crystal

Solvent

Technique

Si0 2 (Coesite)
SiP 2
SiP 2
Sm-compounds see also
SmAI0 3
SmAI0 3
SmB 6
Sm 1 _xDYxFe0 3
SmFe0 3
(Sm, Tb)Fe0 3
Sm 3 Fe.0, 2
Sm 3 Ga.0 12
Sm 3 Ga.0 12
(Sm, Tb)Fe0 3
Sn0 2
Sn0 2
SnZnAs 2
SrAI 12 Ü 1 o(Pb)
SrCr0 4
SrEu 2 Fe 20 7
Sr 2EuFe0 5
SrFe 120 19

Na 2 Si0 3 /(NH 4 hHP0 4
Sn/Mg
Mg/Sn
RPbO /PbF 2
PbO/PbF 2
Al
PbO /PbF. /B 2 0 3
PbF 2 /PbO
Pbü /PbF .JB.Os
PbF 2 /PbO
PbF 2 /PbO
PbF 2 /PbO
PbO /PbF./B 20 3
PbF 2
cu. o
Sn
Pb 2 0F 2
Li Cl
Pbü
Srü(?)
Fe 20 3 + SrCI 2

HPS
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC /EV
SC
EV?
SC
SC
SC
SC
SC
CR

1290-960
1200-800
1500-1000
1300-900
1280- 900
1300- 900
1240-900
1240-900
12501300-970
1200-900
1250
8001260 - 1000
8001250-1000
1560- 1540
1250

SC
SC
SC
TSSG /SC
SC
CR
CR
SC
SC
SC
SC/I

SrFe 6 _xAI,0 19
SrFe 12 Ü 19

Sr0/B 20
Na 2 0

Sr 2 KTa.0 15
Sr 2 MgGe 2 0,
SrMo0 4
SrNb 2 0,
Sr 5 (P0 4 } 3 CI
SrRu0 3
Srso.
SrS0 4
SrS0 4

K 3 AIF 6 /SrCI 2
Ge0 2
LiCI, SrCI 2
SrCI 2
SrCI 2
SrCI 2
LiCI, SrCI 2
Na Cl
Na Cl

3

2.3
1.5
0.5
0.5

0.5
3
1 week
1.3
3
0.7
6

0.1 g
15
0.25 g
85mg

10 X 1 X 1
small
3X3X3
1
1 X1

50

X 0.4
0.4 x 0.3
1

1350 - 1000

6-35

10 x 10 x 0.5

1350-900
14688001000, 1200
1000, 1200
1260-800
1000) 50-25
0-700

5
0.5
0.7
2h
2h
2
0.7
-38
10

8 x4 x4
12 g
4
small
10
2X2X1
1
6X2
6X3

"'00
00

Srso.
SrSn0 3
SrSn0 3
SrSnB 2 0 6
Sr,Ta 20 7
SrTi0 3
SrTi0 3
SrTi0 3
SrTi0 3
SrTi0 3
SrTi0 3
Sr,VO,Br
Sr,VO,Cl
SrWO,
Sr wo.
Srwo.
SrW0 4
SrZr0 3
SrZrB,0 6

LiCl, NaCl, Li,SO,
SrC1 2
SrC1 2
SrB,o.
SrC1 2
Ti0 2
SrC1 2
Fluorides
Si0 2
KF/LiF
KF/K 2Mo0 4
Srßr2
SrC1 2
SrC1 2
Li Cl
Na,W,O,
Na,w,o,
KF
SrB 2 0 4

TaC
Al, Fe
TaC
Fe
Tb-compounds seealso RTbA10 3
PbO/PbF,
TbFe0 3 (Cr)
PbF, /B2 0 3
TbNb0 4
Bi,0 3 /V 2 0s
Tb0 2 _ _,
PbO
ThO,
PbF,/Bi 2 0 3
Th0 2
PbF 2 /Bi 2 0 3
Th0 2
Li, W ,0, /B,Oa
Th0 2
Pb0 /V 2 0 5
Th0 2
PbF 2 /B2 0 3
Th0 2
Na,B 4 0,
ThO,
Li,O/MoOa
Th0 2
NaF/PbF 2 /B2 0 3
Th0 2
NaF/B2 0 3
ThSiO,
Li,O /Mo0 3
ThSi0 4
Li 2 W 2 0,, Li 2 Mo 2 0 7 ,
Na 2 W,O,

SC
CR
EV
SC
CR
TSSG /SC
CR
SC
SC
SC
SC
CR
CR
CR
SC
SC
SC
SC
SC

1000-800
1000, 1200
800-900
13401000, 1200
15301000, 1200
1200-700
1410-900
1200-770
1200- 770
800, 1000
1000, 1200
1000,1200
700- 800
10001100- 1250-700
12501300-

SC
SC

1500-21002200-1450

EV
EV
SC
SC
SC
SC
TR/EV(X)
SC
EV
EV
SC
SC
TR(X)
SC
TR

1207
1300
1330-900
1260- 1000
1260-950
1250-1000
~1250

1330- 1000
1100- 700
1300-1000
920
1225 - 900
1200

small

Wilke (1962)
Brixner and Weiher (1970)
Smith and Welch (1960)
Schultze et al. (1971)
Brixner and Weiher (1970)
Belruss et al. (1971)
Brixner and Weiher (1970)
Izvekov et al. (1968)
Robbins (1968)
Sugai et al. (1968)
Sugai et al. (1968)
Brixner and Bouchard ( 1970)
Brixner and Bouchard (1970)
Brixner and Weiher (1970)
Packterand Roy (1971, 1973)
Schultze et al. (1967)
V an Uitert and Soden (1960)
Nemeth and Tinklepaugh (1966)
Schultze et al. (1971)

10

2

Robbins (1959)
Rowcliffe and Warren (1970)

21 days
5 days
1
3
4
2-4
LIT = 50 -75
1

2
5
5
1-2
3.5 - 6
6 x4 x 3
10 X 3
2.5 X 2.5

5
2h

~4

5- 50
2h
0.5
2h

small
small
7.5 g
small
15 x 0.2 x 0.2
2.5
7 X7 X7
4 x4 x4
1
1
small
small
small
10 X 5 X 5

6
2.7
2.7
2h
2h
2h
2.5
7
5- 50

3

LIT = 75
2-4
10- 20°/cm

small

1- 2
2
11 x 3 x 3
0.2 /day
2-7
7 X5X2

Garton and Wanklyn (1967b)
V an Uitert et al. (1970)
Garton et al. (1972b)
Feigelson (1971)
Chase and Osmer (1964)
Chase and Osmer (1967)
Finch and Clark (1965)
Garton et al. (1972b)
Grodkiewicz and Nitti (1966)
Harari et al. (1967)
Hart and White, see White (1966)
Linares (1967c)
Linares (1967c)
Chase and Osmer (1966a)
Finch et al. (1964)

"'
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Crystal

Solvent

ThTi 2 0 6
TiB 2
TiB,
TiB,
Ti0 2
Tiü,
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti0 2
Ti,o .

Na 2B4 0,
EV
Fe
SC
Fe
SC
Al
SC
Na 2B 4 0, /LiF
SC
EV
Na,O /B,Oa
Na 2B 6 Ü 10
SC/EV
SC
Pb0 /V,0 5
EV
PbF, /B 2 0 3
Na,B 4 0,
EV
Li 2 0 /Mo0 3 , Na 20 /Mo0 3 , SC
K,O /Mo0 3
Fluorides
SC
Na Cl
Li 20 /W0 3
SC
Na,O/B2 0 3
SC
CR/SC
Na,so.
Na 2 B,O,/B,0 3
CR/EV

Ti 4 0,

Na 2 B4 0,/B 20 3

Na 2B 4 0 7 /B 2 Ü 3
Ti 5 0 0 , Ti 6 011>
Ti 8 Ü 1 5 , TitoÜu
Tm-compounds seealso RTm
TmB 2
Bi 2 0 3
TmFe0 3
Pb0/B2 0 3 , PbO/PbF 2
Tm 3 Ga 5 Ü12

Technique

Temp. range Cooling rate
duration

Crystal
size (mm)

Reference

5-8

Harari et al. (1967)
Bernard (1963)
Nakano et al. (1971)
Higashi and Atoda (1970)
Anikin et al. (1965)
Berkes et al. (1964)
Berkes et al. (1965)
Garton et al. (1972b)
Grodkiewicz and Nitti (1966)
H arari et al. (1967)
H art and White, see White (1966)

1700- 1400
1450-25
1200- 800
1200
1300- 1000
1330-1000

0.5 - 1

~3

22
1

15 X 0.5
30 X 1.5
20 X 1.5

1200
1100- 700

3

5-8
10 X 3

X

3

10

X

1

5

1200- 700
1250- 800
1370-980

~3
~2

1

X

lzvekov et al. (1968)
Packter (1968)
Suga i et al. (1967)
Russell et al. (1962)
Wilke (1964)
Bartholomew and White (1970),
Roy and White (1972)
Bartholomew and White (1970),
Roy and White (1972)
Bartholomew and White (1970),
Roy and White (1972)

1360-1250

20 X 1.5 X 1.5
100
small
5 x 0.5 x 0.2

CR/EV

1200- 1150

5 x 0.5 x 0.2

CR/EV

1350- 1150

small

CR
SC
SC

1750
1300- 950
1280- 900

20min.
0.5-1

1 X 1 X 0.01
3 X 12
0.1 g

Castellano (1972)
Gendelev and Titova (1971)
Schieber (1967)

~1ooo

5
1
50-80

X

0.5
0.5
X 1.5
X

uo,

Na 2B4 0,( + H 2)

EV?

1100

8h

0.02

Bard (1957)

VGa 5
vo,
vo,
VO,
vo,

Ga
v,o.
v,o.
v,o.
v ,o .

SC
CR/EV
SC/CR
CR/EV
CR/EV

9001215
1230900
900- 1150

~20

0.05

30-50 h

~17

2 days

small
1
5X5X5

Girgis et al. (1966)
Aramaki and Roy (1968)
Kimizuka et al. (1970)
Kitahiro and W atanabe (1967)
Sasaki(1965,1967)

VI
'Cl

0

vo,
vo,
v,o.
V 2 0 3(Cr)
v,o.

v,o.
v,o.
KF/V,0 5
KF/V,0 5
v,o.

CR/EV
CR/SC
CR/SC
CR/SC
CR

wc
wc
wo.

Co
Co
Na 3 AIF 6

TSSG /SC
SC
THM

Y -compounds seealso RYAI0 3
PbO/PbF 2
Y 3 Al 5 0 12(Fe)
PbO/PbF 2
Y aA1 5 0 12(Nd)
PbF 2 /PbO /B 2 0 3
Y 3 AI 6 0, 2
BaO x 0.6B 2 0 3
Y 3 Al 5 0 12
Ba0/B2 0 3
Y 3 AI 5 0u
PbO/PbF 2
Y 3 AI. O..(Si)
PbO /PbF 2
Y 3 AI50 12 (Nd)
PbO/PbF 2 /B 20 3
Y 3 Al 5 0 12 (Cr)
PbO/PbF,/B 2 0 3
PbO/PbF 2
YaAlsOu
Y 3 AI 50u
PbF 2 /PbO
Y 3 Al. 0 12
Pb0/B 20 3
Y 3 AI 5 0 12
Pb 2 0F 2
Pb0 /B2 0 3
Y aAls- xGaxÜu
Y 3 AI 5 0 12 (RE)
PbF 2 /B,0 3
Y3 AI 5 0u
PbO/PbF 2 /B2 0 3
Y 3 AI 5 0.,(Nd + Cr)
PbO /PbF 2 /B, 0 3
Y,Al5 0 12 (Nd)
PbO/PbF,/B,0 3
YAu
Hg
(Y, Bi) 3(Ca, Fe,
PbO /Bi,0 3 /Mo0 3 /B,0 3
Si) 5 0 12
YCo
Hg
YCr0 3
PbF 2 /B 20 3
YCr0 3
PbF 2
YCu
Hg
Pb0 /B2 0 3
Ya- xErxFesOu
Y,_xE uxV0 4
Navo .

1000
1000- 750
930 - 940
950
~1700-

1600-1500
870-780

EV
SC
SC
SC
TSSG/SC
SC
SC
SC
SC
SC
SC/EV
SC
SC
SC
SC
SC
SC
SC
CR
SC

1260
1200- 950
1300-950
1125-83 5
1463 1250- 1000
1250- 1000
1300- 950
1300-950
1150- 800
11501250- 950
1260- 1000
13001300- 850
1290
1300- 1000
1300- 950
700- 1100
1320-

CR
EV
EV
CR
SC
SC

700 - 1100
1350
700- 1100
1300-1000
1200-

7 days
4
90 h, 40
72h

10 X 2 X 2
6.5 X 2
5X1

Sasaki and Watanabe (1964)
Sobon and Greene (1966)
Foguel and Grajower (1971)
Mc Wh an and Rem eika (1970)
Takei and Koide (1966)

0.15
60- 180
0.5/min.

10
5

Gerk and Gilman (1968)
Takahashi and Freise (1965)
Vigdorovich and Marychev (1964)

10 days
5
0.4-1

2
20
15
1X1
8g
10

Garton and Wanklyn (1967b)
Gendelev and Titova (1968)
Ashida (1968)
Bakradze and Kusnetsova (1969)
Carlo (1973)
Chase and Osmer (1969)
Chase and Osmer (1972)
Grodkiewicz et al. (1967)
Kestigian an d Holloway (1967)
Lefever et al. (1961)
Lefever and Chase (1962)
Linares (1962a)
Linares (1962a)
Marezio et al. (1968b)
Monchamp et al. (1967)
Timofeeva and Kvapil (1966)
Timofeeva (196 7, 1968)
V an Uitert et al. (1965)
Kirchmayr (1965)
Schieber et al. (1968)

0.5
4
4
0.5
0.25-2
4.3
4.3
1
1
3-5
>1

2.3

X

1

~10

150 g
1.5g
10 X 7
2.5 g

X

7

!arge
7 x6 x6
25
60g
small
0.4
small

50h
2

8X5X5
small
2.5

Kirchmayr (1965)
Grodkiewicz and Nitti (1966)
Tsushima (1967)
Kirchmayr (1965)
Remeika (1963)
V an U itert et al. (1962)

"'....
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Crystal

Solvent

Technique

Temp. range Cooling rate
duration

Crystal
size (mm)

Reference

YFe
YFe0 3
YFe0 3
YFe0 3
Y 3 Fe 5 Ü12
Y 3 Fe 5 0 12
Y 3 Fe, Ou
Y 3 Fe,0 12 (S i)
Y 3 Fe, 0 12
Y 3 Fe, 0 12
Y 3 Fe 50 12(Si)
Y 3 Fe 5 Ü12
(Y, Ca)a(Fe, Ir,
Zn).0 12
Y 3 Fe.0 12
Y 3 Fe,O,,
Y 3 Fe, 0 12
YaFe.o"
Y 3 Fe._ 2. Ni,Ge.0 12
Y 3 Fe, 0 12 (Cu)
Y 3 Fe 5 _.Cr ,0 12
Y 3 Fe,0 12
Y 3 Fe 5 Ü12
Y 3 Fe, 0 12
YaFe,0 12
Y 3 Fe 5 0 12
Y 3 Fe 5 0 12
Y 3 Fe 50 12(Al, Ga)
Y 3 Fe 50 12 (Al , Ga)
Y 3 Fe,0 12(Al, Ga)
Y 3 Fe,0 12(Al, Ga)
Y 3 Fe,;0 12
Y 3 Fe,0 12
Y 3 Fe 5 Ü12
Y 3 Fe 5 Ü 12(Ga)

Hg
BaO /BaF 2 /B,Oa
PbO /PbF , / BzO:~
Pb0 /B 20 3
PbF 2 /PbO
PbO /PbF, /B, Oa
Pb0/B,0 3
PbO /PbF,
BaO/B,0 3 /BaF 2
PbF 2 /PbO /B 2 0 3
PbO/PbF,
PbO/PbF 2 /B2 0 3
PbO /PbF 2 /B,0 3

CR
SC
SC
SC
SC
SC /TSSG
SC
SC
TSSG /SC
SC
SC
SC
SC, ACRT

700-1100
1175 - 1050
1300-950
1300-850
12501200- 1000
1320-950
1260- 1010
119413901250- 1000
1300- 900
1120- 1000

small
4 X3 X3

Kirchmayr (1965)
Hiskes et al. (1972)
Quon et al. (1971)
Remeika (1963)
Barry and Roberts (1961)
Bennett (1968)
Bibr et al. (1966)
Broese et al. (1967)
Carlo (1973)
Chabria (196 7)
Chase and Osmer (1972)
Grodkiewicz et al. (196 7)
Hansen et al. (1973)

PbO/PbF,
Pb0 /B2 0 3
Ba0/B20 3
PbO /PbF,
PbO /PbF 2 /B20 3
PbO /PbF 2 /B 20 3
PbO /PbF 2 /B2 0 3
Na,O /W0 3
PbO /PbF 2
Ba0/B2 0 3
Ba0/B20 3
Ba0/B 2 0 3
Ba0/B2 0 3
PbO/PbF 2
Pb0 /B2 0 3
Ba0/B,0 3
Ba0/B 2 0 3
Pb0 /B2 0 3
PbO /PbF,
PbF 2 /PbO
PbO /PbF 2 /B 20 3

SC
1250-980
SC
1275 - 1000
TR(X), TSSG 1080
1350SC
SC
1250-900
SC
1220-950
SC
1330/1240- 1000
SC
13001250-1000
SC
TR(X)
1170
SC
1180-1000
TR(X)
1100
LPE
1050
SC
1250-1000
SC
1250-1000
1250- 1000
SC
TR
1100
1100-1000
LPE /SC
1320-950
SC
1250 SC
1270- 950
HPS /SC

1
0.5-1. 7
2
2
0.5
1- 2
0.65
0.3

15 x 5 x 5
9.2g
25; 57 g
10
17.5

4
0.5
0.5

~10

0.5
1

15 x 15 x 10

LlT = 25

44 x 10 x 10

1-3
1.5-2
1-2
0.5-1
2
~1

LlT = 40
1
LlT = 50, 1.3 /day
4- 20 sec.
1
1
1

250g
8

6-18
3

X

3

X

3

0.5 g
~10

~400A

25-100 A jsec.

0.5 - 100 fJ-ffi

3-4
3-4

10-15

John and K vapil (1968)
Jonker (1974)
Kestigian (1967)
Komatsu and Sunagawa (1964)
Krishnan (1966)
Krishnan (1968a)
Krishnan (1972)
Kunnmann et al. (1965)
K vapil (1966)
Laudise et al. (1962)
Linares (1962b)
Linares (1964)
Linares et al. (1965)
Linares (1965a)
Linares (1965a)
Linares (1965a)
Linares (1965a)
Linares (1968b)
Makram (1968)
Makram and Krishnan (1964, 1967)
Makram et al. (1968)

"'"'
10

Y(R) 3 Fe 5 0 12
Y3 Fe 5 Üu
Y 3 Fe 5 0 12
Y 3 Fe 5 0 12
Y 3 Fe 5 _xGa_,O 12
Y 3 Fe 5 _ 2xCoxGe_,Ü 12
Y 3 Fe 5 0 12
Y 3 Fe 5 0,.
Y 3 Fe 5 0 1 2
Y 3 Fe 5 _xln _,Ü 12
YaFe 5 0 12
Y 3 Fe 5 0 12 (Ca, Si, Bi)
Y 3 Fe 5 Ü 12
Y 3 Fe 5 0 1 2
Y 3 Fe 5 0 12
Y 3 Fe 5 0 1 2
Y 3 Fe 5 Ü 12
Y 3 Fe 5 0 12
Y 3 Fe 5 Üu
YaFes- xGaxÜ 12
Y 3 Fe 5 0 12
Y 3 Ga 5 Ü 1 2
Y 3 Ga 5 0 12
Y 3 Ga 5 Ü 12
Y 3 Ga 4 . 95 Fe 0 . 0 5 Ü 12
Y 3 Ga 5 0 12 (Nd)
YMn0 3
YMn0 3
YN
YNi
YOF

v,o.

Y 2 Si0 5
Y,Si0 5 , Y,Si 3 0
Y 2Ti 20 7
YVO,
YVO,
YVO,

12

Pbü; Bi 20 3
Pbü
4PbF 2 /3PbO
3PbF2 /2PbO
PbO/PbF 2
Pbü
Pbü
Pb0/B 2 0 3
Pbü /PbF 2 /B 20 3
PbO/PbF,
PbF 2 /PbO
Pbü /B2 0 3 /Mo0 3 /Bi 20
PbO /PbF 2
Pb0/B 20 3
PbO /PbF 2
PbO/PbF 2
Ba0/B2 0 3
Ba0/B2 0 3
PbO/PbF 2 /B 2 0 3
PbO /PbF 2
Pbü /YF 3 /B 20 3
PbO/PbF,
PbO/PbF,
Pb 2 0F 2
Pb0 /B 20 3
PbO/PbF 2
Bi,0 3
Bi,0 3
Hg
Hg
PbF 2
PbF 2
Li 2Mo 20 7
KF
Ti0 2 /Ba0/B,0 3

v,o.
v,o.

NaV0 3 /Na 2 B,O,

3

SC
SC
SC
SC
SC
SC
SC
SC
SC/HPS
SC
SC
SC
SC
SC
SC
ACRT
TSSG
TSM
ACRT/SC
TR(X)/ACRT
SC/CR
SC
SC
SC
SC
SC
SC
SC
CR/SC
CR
SC
SC
SC
TSSG/SC
SC
TSSG /SC
TR(X)

1325-900
1350-780
1260-950
1260- 1040
1270- 1050
1280-900
1350- 1030
1300- 1000
1330- 1060

6g

1
1-5
0.5-5
0.5

19 g
300g

~1

~20

1.8
2.4
2
0.75

5
12

1280-900

1.8g

1270-950
1350-900
1180-950

1.8
4
0.5

1000

LIT = 10°
501-'mfh

1100-1010
1070
1300-900
1250- 1000
1250-1000
1260-950
1300- 1000
1250- 900
14001200320
700- 1100
1340-900
1200- 900
1100
1300- 850
13301200- 900
1050-900

1
1
4
4
0.5-5
2
0.9, 1.6

10-14 g
12
30,49 g
60 x 60, 250 g
15 x 15 x 6
3
30 X 30
~22 X 20, 14g
7X7
10

X

5

2.5
0.5 - 2 g
Platelets 50 1-'ffi

3
3
3

small
small
3X2
5

1- 2.5
0.5
3
50 1-'m/h
4days

4X3X2
14g
2
15 X 6
15 X 3 X 3

Nielsen (1958)
Nielsen (1960b)
Nielsen (1960a)
Nielsen (1964)
Nielsen et al. (1967)
Okada et al. (1963)
Porter et al. (19 58)
Remeika (1963)
Robertson and Neate (1 972)
Rubinstein et al. (1 965)
Schieber (1964)
Schieber et al. (1972)
S uzuishi and I to (196 7)
Titova (1959, 1962)
Tolksdorf (1968)
Tolksdorf (1974b)
Tolksdorf (1974a)
Tolksdorf (1974a)
Tolksdorf and Welz (1972)
Tolksdorf and Welz (1973)
Watanabe et al. (1970)
Chase and Osmer (1967)
Chase and Osmer (1969, 1972)
Nielsen (1960a)
Remeika (1963)
Suzuishi et al. (1968)
Bokov et al. ( 1964)
Kohn and Tasaki (1965)
Busch et al. (1 970)
Kirchmayr (1965)
Garton and Wanklyn (1968)
Hart and White, see White (1966)
Harris and Finch (1965)
Bondar et al. (1968)
Belruss et al. (1971)
H art and White, see White (1 966)
Loriers and Vichr (1972)
Phillips and Pressley (1967)

"'w-o

Crystal

Solvent

YW0 4 Cl
YC1 3
Yb-compounds seealso RB 2 0 3 ( ?)
YbB 6
YbCr0 3
PbF 2 /B2 0 3 /Pb0 2
YbFe0 3
PbF 2 /PbO/B 20 3
YbFe0 3
PbO /PbF 2 /B 20 3
YbFe0 3
PbO /PbF 2 /B 20 3
Yb 3 Fe 5 0,,
Pb0/B 20 3
Yb 3 Fe 2 Ga 3 Ü 12
PbO /PbF 2
Yb 3(Fe, Ga).0 12
PbO /PbF 2 /B2 0 3
Yb 3 Fe 5 0dCa, Si)
Pb0 /Mo0 3 /B 20 3 /Bi 20
Yb 3 Ga, 0 12
Pb0 /B2 0 3
YbOCl
YbC1 3
Yb,Si 2 0 7
KF
YbCl 3
Yb 3 Si 2 0 8 Cl
ZnA1 20 4
Zn(Al, Ga),0 4
ZnA1 20 4
ZnA1 2 0•
ZnA1 20 4 (Mn)
Zn 2 Ba 2 Fe 120 22
ZnCr 2 0 4
ZnCr 2 Se 4
ZnCr 2 Se 4
ZnFe 2 0 4
ZnFe 20 4
ZnGeP 2
ZnGeP 2
ZnGeP 2
ZnMn,0 4 ,
Zn" 25 Mn1. 7 5Ü •
ZnMn 20 4
ZnO
ZnO

3

Technique

Temp. range

Cooling rate
duration

Crystal
size (mm)

Reference

SC

900 - 700

3

0.4

Yocom and Smith (1973)

1260
1300- 1100
1250- 900
1300- 950
1300- 1000
1280-900
11 80-

9 days
3
4
0.5
2

0.6
3X3X2
12 X 9
30 X 15 X 3

Rea and Kostiner (1971)
W anklyn (1972)
Damen and Robertson (1972)
Feigelson (1971)
Quon et al. (1971)
Remeika (1963)
Schieber (1967)
Schieber et al. (1968)
Schieber et al. (1972b)
Schieber (1967)
Brandt and Diehl (1974)
Bondar et al. (1968)
Diehl and Brandt (1974)

VLS
EV
SC
SC
SC/EV
SC
SC
SC
SC
SC
SC
SC
SC

PbF 2 /PbO /Si0 2 /B2 0 3
PbF 2 /Bi,0 3 /B2 0 3
PbF 2
Pb,OF 2
PbF 2
Ba 2 B, 0 5
Na 20 /W0 3
CrC1 3
CrC1 3
BaO /Bi 2 0 3 /B 20 3
PbO
Sn
Bi
Sn
NaKS0 4

SC
SC
SC
SC
EV
TSSG/TR
SC
VLRS
VLRS
SC
SC
SC
SC
SC
CR

PbF 2
PbF 2
PbF 2

EV
SC
TR

1280- 900
10501300-850
10501350- 700
1250- 1000
1250--+
1260- 1000
1200
1000
1250950 - 900
950- 900
1320- 1150
13001100-600

2.5
0.4g

2.3

3

8
1- 2.5
8

60mg
1 x 1 x 0.1
4X3X2
1.5 X 1.5 X 0.5

0.5-2
4
1-2
3
24h
LlT = 10°
5

,_,5
4 - 16

12
7X7
10
3X3
1X1
,_,20

X

5

X

3
1
16

X
X

X

3
8
10
< 10
small
6 X 1 X 0.5

-750
,_,1000
1100
1250-900
900

20h

small

120h
4
3.5/day

2X2X2
12 x 10 x 7

4

Bonnerand V an Uitert (1968)
Chase and Osmer (1967)
Giess (1964)
Linares (1962c)
Tsushima (1966)
Talksdorf (1973)
Kunnmann et al. (1965)
Miyatani et al. (1968)
Von Neida and Shick (1969)
Elwell et al. (1972)
Remeika (1958b)
Mughal et al. (1969)
Samogyi and Bertoti (1972)
Spring-Thorpe and Pamplin (1968)
Petzold et al. (1971)
Tsushima (1967)
Chase and Osmer (1967)
Giess (1964)

"'
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ZnO
ZnO
ZnO
ZnO
ZnRh 2 0,
ZnS
ZnS
ZnS
ZnS
ZnS
ZnS
ZnS
ZnS
ZnS
Zn Sb
ZnSb
Zn1Sb 20 12
Zn Se
Zn Se
Zn Se
Zn Se
ZnSexTe 1_x
ZnSiAs 2
ZnSiAs 2
ZnSiP 2
ZnSiP 2
ZnSiP 2
ZnSiP 2
ZnSiP 2
ZnSnAs 2
ZnSnAs 2
ZnSnP 2
ZnSnP 2
ZnSnP 2
ZnSnP 2
ZnSnSb 2
Zn Te
Zn Te

PbF 2
PbF 2
PbF 2
v.o., P .o.
PbO
Ga
Ga, In, Sn, Tl
ZnF 2
PbC1 2
Na Cl
KCl, etc.
KCl, KJ /ZnC1 2
Bi, Sn
Na 2 S..,
Sb
Sb
PbF 2
Zn
Ga, In
Bi, Sn
Ga, In
Te
Sn
Sn
Bi, Sb, Sn
Sn
Sn
Sn
Sn
Sn
Sn
Sn
Sn
Sn
Sn
Sn
Bi
Zn

SC
SC
SC
SC
SC
SC
SC
SC
SC/TR
EV/SC
SC
TR
SC
CR/SC/EV
SC
TR
SC
SC
SC
SC
SC
TSM
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
LPE /SC
SC

10001150-800
11601330-980
1330-880

5.4
1-10
1
3.5

small
30 X 30
10 x 10 x 1
20 X 0.3
1.5 X 1.5 X 1.5

1180
1000-800
800-500
1070 - 1040
1200-900
845

38
1
1-10
10-20
2- 10
30 days

~5 x 0.2
12 x 6 x 0.9
5 X 5 X 1.2
10 x 0.2 x 0.2
10 X 1 X 1
10

600-300
546-505
560-575
1150-800
950-

~25

1

1
0.3 p.m fsec.
1-5
1.3

6
small

~20

~1

~4

~1200-

1

X

X

1

~4

500
1000-750
13001100-600
1120-680
-750
8001000870910- 350
900-600
-750
~350-250

800-600
1200-500

4
1-5 days
5

3.5
35 x 20 x 10
1

20

25

X

3.5

~2

4 - 16
7.5
1.3
5
60
10
3-100
30-150
12 - 60

25 X 5 X 2
17 x 2.5 x 0.3
10
small
1
3 x 1.5 x 0.5
small
4 x 4 x 0.3
4 x 4 x 0.5
30 p.m
4 x 4 x 0.2

Kleberand Mlodoch (1966)
Nielsen and Dearborn (1960)
Timofeeva (1968)
Wanklyn (1970)
Arlett (1968)
Bertoti et al. (1965)
Harsy (1967, 1968)
Linares (1962d)
Linares (1968a)
Mita (1961)
Mita (1962)
Parkerand Pinnell (1968)
Ruhenstein (1968)
Scheel (1974)
Eisner et al. (1961)
Eisner et al. (1961)
Linares and Mills (1962)
Faust and J ohn (1964)
Harsy (1968)
Ruhenstein (1968)
Wagner and Lorenz (1966)
Steininger and England (1968)
Gentile and Stafsudd (1974)
Spring-Thorpe and Pamplin (1968)
Borshchevskii et al. (1967)
Buehler and Wernick (1971)
Mughal et al. (1969)
Mughal and Ray (1973)
Spring-Thorpe and Pamplin (1968)
Faust and John (1964)
Gentile and Stafsudd (1974)
Loshakova et al. (1966)
Mughal et al. (1969)
Ruhenstein and Ure (1968)
Spring-Thorpe and Pamplin (1968)
Goryunova et al. (1968b)
Fujita et al. (1971)
Fuke et al. (1971)

"'
"'"'

Crystal

Solvent

Zn Tc
Zn Tc
Z n Tc
Zn Te
Zn Te
Znv,o.
Z n WO,
Zn WO,
Z rB 2
ZrO,
Z rO,
ZrO,
Z r0 2
Z rO,
Z r0 2
Zr0 2
Z rO,
Z rSiO,
Z rS iO,
Z rSiO,
ZrS iO,
Z rSiO ,

Tc
Ga
Bi, Sn, Zn
In
Ga, In
KC I
Na 2 VI' ,0,
Na 2 W 20,
Fe
PbF 2
PbF 2
PbF 2
Na 2 B, O, / K F
Na, B,O,
Na,B , O,
Na 2 0 / B,0 3
Na,SO,
Li,Mo 3 0 10 , Na ,Mo ,.O,.,

Tcchniquc

Tcmp. rangc

Cooling rate
duration

Crys tal
si ze (mm)

Reference

--TR
SC
SC
L PE 1SC
SC
I-I PS
SC
SC
SC
EV 1SC
SC
SC
SC
EV
SC
SC
C R 1 SC
SC

Na 2 Mo:~0 1 0

TR

Li 2 0 / Mo0"
Li 2 0 /W 0 3
L i,o; v,o.

SC
SC
SC

900
- 1200 500 - 480
1030
1000 11 00 - 1250 - 700
1700 - 1400
1040 - 800
1040 - 800
11 20
1250 1450 - 930
- 1000
1400 - 900
900 - 1000
1250 - 1000
1374 - 969
1366 - 907

10 '/cm
-20
120
4
45 kb , I h
2.5
5
3
4
2- 4
5
3
50 - 80
2
iJT 40 - 80
2
2.3
1.3

3

X

3

-4
10 j.Lill
3.5
0. 1
sma ll
JO Y 5

X

X

3

~ I

5

~3

8 X 5 ,, I
4/ 4 / I
3
5- 8
I
25
sma ll
2 mm /day
2- 7
3 X3 X3
4

Fu kc et al. ( 197 1)
H arsy (1968)
Rubenste in (1968)
Tamura et al. (197 1)
Wagner and Lorenz ( 1966)
Gondra nd et al. ( 197 4)
Sch u ltze et al. (1967)
V an Ui tert and Sod e n ( 1960)
lakano et al. ( 197 1)
A ntho ny and Vut ien ( 1965)
Chase and Osmer ( 1966b)
C hase and Osme r (196 7)
Fujik i an d O no ( 1972)
H arari et al . ( 1967)
Klebe r et al. ( 1966)
Russe I et al. ( 1962)
Wi1ke( 1964)
Ball man and Laud ise ( 1965)
Ball man and Lau di sc ( 1965)
C hase an d Osme r (1966a)
Dh armarajam et a /. ( 1972)
D harma rajam et al. ( 1972)
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Appendix to Chapter 10
Abbreviations used:
ACRT- Accelerated crucible rotation technique
CR
- Chemical reaction
EL
- Electrolysis
EV
-Evaporation
HPS - High-pressure solution growth
LPE - Liquid phase cpitaxy
SC
- Slow cooling
THM - Travelling heater method
TR
-(Gradient) transport
TSM - Travelling solvent method
TSSG - Top-seeded solution growth
VLS -Vapour-liquid-solid
VLR S- Vapour-liquid-reaction-solid
X
- Seed crystal

0\
~

Crystal

Solvent

Technique

Ag,AsS 3
Al,o .
As 4 S 4

silicone oil
Na 3 AIF 6
silicone oi l

SC
TR/X
SC

Ba 2CoW0 6
Ba2 FeNb0 6
BaFe1 20 19
BaxSr1-xNb 20 6
BaMo0 4
Ba 2 NiTe0 6
BaTi0 3(Sr)
Ba,TiSi 2 0 8
Ba wo.
Bawo.
BaW0 4
BeAI 20 4
Be 3 Al 2 Si 6 0 18 (Cr)
Be 3 Al 2Si60 1 8(Cr)
Bi40 Fe 2 Üo3
Bi 40 G a,0 63
Bi 12Ti0 20
Bi 4Ti 3Ü 12
Bi 12Ti0 20

BaCI2
BaCI2
NaCI /KC I
BaO/S r0/8 20 3
LiCI/ KCI
BaCI 2
KF
Ti0 2
LiCI /NaCI
LiCI/KCI
NaCI , KCI
PbO/PbF 2 /8 20 3
V 20 5 etc.
v ,o ,
Bi,0 3
Bi,0 3
Bi,0 3
Bi 2 0 3
Bi 20 3

SC(?)
SC(?)
CR/SC
SC
SC
SC
SC
SC
EV
SC
SC
SC
TR/X
TR/X
TSSG /SC
TSSG /SC
TSSG /SC
SC
SC

Ca,B0 3CI
CaC0 3
CaFexMn,_xÜ3
CaMo0 4
Ca 3Sc,Ge 3 Ü12
Ca wo.
Cawo.
CdSnP 2
CdSnP 2
Cd Te
CoP 2

Ca Cl,
Li 2C0 3
CaCI,
LiCI/KC I
Pb 2V 20 7
LiCI/KCI
NaCI,KCI
Sn
Sn
Te,CdCI,
Ge

SC
TSSG /HPS
SC
SC
SC
SC
SC
LPE
LPE/SC
THM
CR/HPS

Temp. range

250
1120- 1000
250

Cooling rate
duration

50-200h

1000- 1050
1350- 700

0.5
0 .5
30min.
1

1150- 800

5

1425-1000
950-670

3
140 h

Crystal
size (mm)
0.01 - 2
20 X 20
0.01-2

X

5

small
small
< 1 p.m
2- 6mm
< 10
small prism
5
~5 x 4 x 1

< 10
950-650
1270-800
1050
1050

2- 50
3
..1 T = 1--42

~3

~10 x 3 x 1
~5

..1T~15 °

~10

~7 8 0

0 .5

15 x 10 x 10
15 x 15 x 10

~ 8 60

1150- 850
110- 850

0.5
0.88
0.75

820-

2-5

< 20
10
3X3
< 10
~

~900 °

1280-900

~100g

70 X 70 X 1
15 x 10 x 4

5-10

X
X

1250- 1000
< 10
950-650

2-50

~3

510675
800-1200

10
7 mm/day
65 kb

small

10
3

Reference

Weil et al. (1954)
Watanabe and Sumiyoshi (1974)
Wei l et al. (1954)
Voorhoeve et al. (1974)
Voorhoeve et al. (1974)
Arendt (1973)
Whipps (1972)
Potkin (1972)
Köhl et al. (1972)
Goulpeau et al. (1973)
Robbins (1970)
Pate! and Arora (1974)
Potkin (1972)
Voigt and Neels (1971)
Tabata et al. (1974)
Ushio and Sumiyoshi (1972)
Ushio and Sumiyoshi (1973a)
Bruton et al. (1974)
Bruton et al. (1974)
Bruton et al. (1974)
Morrison et al. (1970)
Morrison (1971)
Majling et al. (1974)
Balascio and White (1974)
Bankset al. (1972)
Potkin (1972)
Havlicek et al. (1974)
Potkin (1972)
Voigt and Neels (1971)
Bachmannet al. (1974)
Shay et al. (1974)
Taguchi et al. (1974)
Donohue (1972)

0\

Cr
Cs 2Pt 4 S 6

NaCI/KCI
cs.co.

EL
SC

DyAI0 3
Dy 3 Al 50,,
Dy 2 Si0 5
Dy 4 Si0 8
DyV0 4

PbO/PbF 2
PbO/PbF 2
PbF 2
PbF 2
Pb.v.o,

SC/EV
SC/EV
VLS /SC
VLS/SC
TSSG /TR

12901290128012801200

Er 3 Fe 5 Ü 12
Er 2Si0 5
(Eu, Y).Fe 5 0
EuS

PbF 2 /BaF 2
PbF 2 /PbO
PbO/B.Oo
LiCI/KCI

SC
VLS/SC
LPE
SC/CR

1300-900
1285738-830
500

4-5

GaAs
GaAs,_xPx
GaAs 1 _xSbx(Al)
Gaxln 1 _xSb
GaP
(Gd, Y, Yb) 3
(Fe, Ga} 5 0 12
Gdo.••wo.

Ga
Ga
Ga
In
Ga
BaO/B,0 3 /BaF,

LPE/SC
VLS /TSM
LPE /SC
LPE/SC
VLRS
LPE

725950-1150
760-700
410-280
1330-1024

30-120

RCI 3 + W0 3

EL

1200

HfB,

Fe

SC

ln 1 _xGaxP
InP
IrS 2

In
In
K,co.

K 9 Bi 3 Zn.Nb10 Üos
KNb0 3
KNb, _xTaxÜo
K 2Pd 3 PtS 8
K 2 Pd 3 SnS 8
K 2Pd 3TiS 8
K,Pt 4 So
K 2Pt 3 IrS 0
K 2 Pt 3 SnS,

Bi.o.
K.co.
K.co.
K 2 C0 3
K,co.
K,co.
K,co.
K,co.
K,C0 3

12

.dT = 2-5 /cm

small
small

Sugaya and Watanabe (1971)
Rüdorff et al. (1968)

1
2
3 X3
10 X 1
6 X3 X3

Flicstein and Schieber (1973)
"Flicstein and Schieber (1973)
Wanklyn and Hauptman (1974)
Wanklyn and Hauptman (1974)
Smith et al. (1974)

Perekalina et al. (1972)
Wanklyn and Hauptman (1974)
0.19-0.58 1-'m/min. Plaskett et al. (1973)
Koutaissoff (1964)
1 X 0.2

0.1--0.7 mm/day
0.1--0.51-'m/min.

Rosztocy and Kinoshita (1974)
Saito and Seki (1974)
Antypas and Moon (1974)
Joullie et al. (1974)
Kaneko et al. (1973)
Hiskes and Burmeister (1973)

< 60mA

10

Collins and Ostertag (1966)

1720-

5

2

LPE/TR
LPE/SC
SC

800
720-560

.dT~1o

6-13

50-751-'m
5-120 1-'m
small

Macksey et al. (1973)
Hess et al. (1974)
Rüdorff et al. (1968)

SC
TSSG /SC
TSSG/TR
SC
SC
SC
SC
SC
SC

1130-800

< 10
30 X 30
14 X 14
small
small
small
small
small
small

Nomura and Kojima (1973)
Fukuda et a[. (1974)
Whiffin and Brice (1974)
Rüdorff et al. (1968)
Rüdorff et al. (1968)
Rüdorff et al. (1968)
Rüdorff et al. (1968)
Rüdorff et al. (1968)
Rüdorff et al. (1968)

.dT~8-40 /cm

60
10-200
.dT = 7-46

~1000

1100

5-10
0.5
LIT~0-9

28 X 20 X 20
10-151-'m

X

Nakano et al. (1974)

2

X

5

...a-

--J

0\

Crystal

Technique

Solvent

Temp. range

K 2Pt 3TiS 6
Kl-xSbOa-xF x

K . co.
KF

SC
EV

900-1000

1h

L aB6
LaP 5 0u
LiFe 5 0 8 (Ru)
Li 2 MgSi0 4
Li 2ZnSi0 4

Al
H 4 P 20 7
Pb0/B.03
Li 2Mo0 4
Li 2Mo0 4

SC
EV
SC
SC
SC

1500750
1050-600
1420-900
1420- 900

30
1
3.3-7.6
:1.3-7.6

Mgs.sAsaOll
MgFeBO,
Mg 2Si0 4 .MgF 2
MnB 4 0 7
MnBi
MnSi

Pb0/As 20 5
Na 2B4 0 7
PbF2
Bi.Oa/B.Os
Bi
Cu

SC
SC
VLS /SC
SC
TSSG
SC

1225-600

8

NaNb0 3
Nb.zr.ol,
NdP 5 0 14
NdP 5 0 14
Ni 2 FeB0 5

NaB0 2
BaO/V 20 5
H 3P0 4 , H,P 20
H,P.O,
Na 2B4 0 7

TSSG/TR
SC
EV
EV
SC

1105
1200550
750

PbTi0 3

PbO/B.Oa

SC

RaAl.0 12
RCr0 3
RFe0 3
R 2 Mo0 6
Rb.Pt,So
Rb 2Pt3 SnS 6

PbF 2 /PbO
PbF./Bi.Oa
PbO/PbF 2 /B.0 3
PbF 2 /PbO
Rb.co.
Rb.co.

Smo.ooWOa
SrBi 2Ta 20 8(Ba)
SrFexMn 1-xÜa
SrFe 120 19

SmC1 3 +W0 3
Bi 20 3
SrC1 2
NaCl/KCl

7

~

Cooling rate
duration

Crystal
size (mm)
small
0.5mm
10

X

3

8 x8 x 1
2.5 X 2.5

Reference

Rüdorff et al. (1968)
Brower et al. (1974)
Aita et al. (1974)
Miller ~t a[. (1974)
Jonker (1974)
Setoguchi and Sakamoto ( 1974)
Setoguchi and Sakamoto (1974)

1.5

small
6
2

10

2

Bless and Kostiner (1973)
Mikov et al. (1973)
Wanklyn and Hauptman (1974)
Abrahamset al. (1974)
Chen (1974)
Johnson et al. (1973)

LlT~6-36

7 days

160--400 A s- 1
small
3X3X1
5X1
small

Dawson et al. (1974)
Galy and Roth (1973)
Danielmeyer et al. (1974)
Miller et al. (1974)
Mikov et al. (1973)

1000-800

20

12 x 12 x 1

Fesenko et al. (1972)

VLS/SC
EV
SC
SC
SC
SC

1280-1150
1230
1280-950
1270-1160

1
1.25-5
0.7

5 x2
small
small

Wanklyn and Garton (1974)
Subba Rao et al. (1971)
Akaba (1974)
Wanklyn (1974)
Rüdorff et al. (1968)
Rüdorff et al. (1968)

EL
SC
SC
CR/SC

1200
1250--900
1330-900
1000--1050

< 60mA
2
5-10
30min.

5
1 X 1 X 0.05
1X1X1
< 1 p.m

Collins and Ostertag (1966)
Newnham et al. (1973)
Banks et al. (1972)
Arendt (1973)

12801060-600
435°, < 355 °
1200-500

~60

x4 x4

00

SrMoO,
SrTi03
SrW0 4
SrWO,
SrWO,

LiCI/KCI
KF
LiCI/NaCI
LiCI/KCI
NaCI,KCI

SC
SC
EV
SC
SC

950-650

2-50

TbVO,
TiB 2
TmVO,
TmuW0 3

Ph.v.o7
Fe,Co,Ni
Pb.v.o7
TmC1 3 +W0 3

TSSG/TR
SC
TSSG/TR
EL

1200
1700--1600
1200
1200

..:JT~2-5 /cm

~3 x 3 x 3

5

5

< 60mA/cm 2

5
~6 x 4 x 4
few

YaAls012
YaAls-xCr xÜ12
YaFe. ol.
Y3 Fe 50 1.(Ca, Te)
Y 3 Fe 5 Ü 12
Y 3 Fe 5 Ü12
Y 3 Fe 5 Üu
Y 3 Fe 5 0 12(Pb, Si)
Y 3 Fe 5 0 1.(Sm, Ga)
Y 3 Fe 5 Ü 12(Bi)
YaFe 50 1.(La, Ga)
(Y, R).(Fe, Ga) 5 Ü 12
YaFe.Olz
Y 2Pt 20 7

PbO/PbF 2/B 20 3
PbO/PbF 2/B20 3
Ba0/B2 0 3

SC
SC
LPE
HPS/SC
SC
TR
SC/ACRT
LPE
HPS /SC
LPE
LPE
LPE

12501350-1050
1058

2

3-10

1160-960
965
1250-1200
960-780
1300-950
1020-980
965
1050

0.3-1.4

SOg

..:Jr~1o

20 x 20 x 5 J.Lffi

HPS /SC

1290-950

1.5

6

ZnO
ZnO
ZnS
ZnSnSb 2
Zn Te
ZrB 2
Zr0 2
Zr0 2
Zr0 2

KOH
N a 2B4 0 7
BaZnS 3
Sn
Bi, Zn
Fe
PbF 2, V 20
PbF 2
N a 3AIF 6

TR
TSSG
SC
SC
LPE/SC
SC
TR/EV
TR/EV
SC/EV

480

PbO/PbF 2/B 20 3
PbO /B. Oa
Pb0.0 .2B.0 3
PbO/B.Oa
PbO/B.Oa
Ba0/B20 3
PbO/B.Oa
BaO/BaF 2/B20 3
review
Pb0/Pb0 2

5

< 10
1000950-730

3-4
40-100 h

~10

~4

X

3

X

3

< 10

1300427-360
105017001050, 1010
970
1080-

..:JT~2-5 /cm

~3

X

..:Jr~s

0.4

10 x 10 x 10
~s~.~.m

3

needles
2
3
0.44
30-300
5
iJT=40, SO
..:JT~so

2
5X5
5X3

1-10

~1

X
X

2
1

Potkin (1972)
Kojima and Kochi (1968)
Pate! and Arora (1974)
Potkin (1972)
Voigt and Neels (1971)
Smith et al. (1974)
Nakano et al. (1974)
Smith et al. (1974)
Collins and Ostertag (1966)
Komatsu et al. (1974)
Takasu and Shimanuki (1974)
Davies and White (1974)
Domine-Berges et al. (1973)
Görnert and Hergt (1973)
Görnert and Hergt (1973)
Jonker (197 5)
Larsen and Robertson (1974)
Mroczkowski (1974)
Robertson et al. (1973)
Robertson et al. (197 5)
Suemune and Inone (1974)
Talksdorf (1974)
Ostorero and Makram (1974)
Kashyap (1973)
Nevyantseva et al. (1969)
Mal ur (1966)
Scott (1973)
Fujita et al. (1973)
Nakano et al. (1974)
Fujiki and Suzuki (1974)
Fujiki et al. (1972)
Ushio and Sumiyoshi (1973b)
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Symbols and Abbreviations
(unless otherwise defined)
surface area occupied per molecule, cm 2
cell edge, cm
accelerated crucible rotation technique, see Ch. 7, 10
b
ratio of mean displacement on surface to diffusion mean free path
(ysfA), see Ch. 4
BCF
Burton- Cabrera- Frank theory, see Ch. 4
c
constant in BCF equation
c
subscript : crystal
CR
chemical reaction, see Ch. 7, 10
CVD
chemical vapour deposition
diffusion coeffi.cient, cm 2 s- 1
D
surface diffusion coeffi.cient, cm 2 s- 1
Ds
EL
electrolytic growth, see Ch. 7, 10
EV
evaporation technique, see Ch. 7, 10
F faces flat faces, see Ch. 5
HPS
high-pressure solutions
HTS
high-temperature solutions
nucleation rate, s- 1
I
surface
diffusion (solute) flux, g cm - 2 s- 1
}s
volume
diffusion (solute) flux, g cm- 3 s- 1
}v
Kelvin
K
interface distribution coeffi.cient
keff
equilibrium
distribution coeffi.cient
ko
K faces kinked faces, Ch. 5
latent heat, J mole- 1
L
LPE
liquid phase epitaxy
number of molecules in critical nucleus
Ne
solute concentration, g cm- 3
1l
equilibrium solute concentration, g cm- 3
solute concentration in bulk of solution, g cm - 3
periodic band chain concept of Hartman and Perdok, see Ch. 5
universal gas constant, J K - 1

A".

a
ACRT
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SYMBOLS AND ABBREVIATIONS

Rayleigh number
radius of critical nucleus, cm
s,
surface roughness
s
subscript : surface
SC
slow cooling technique, see Ch. 7, 10
sn
subscript : solution
st
subscript : step
S faces stepped faces, Ch. 5
temperature, K
T
equilibrium temperature, K
T.
travelling heater method, see Ch. 7, 10
THM
TPRE twin-plane re-entrant edge growth mechnaism, see Ch. 5
(temperature gradient) transport technique, see Ch. 7, 10
TR
travelling solvent technique, see Ch. 7, 10
TSM
TSSG top-seeded solution growth, see Ch. 7, 10
TSZM travelling-solvent-zone method, see Ch. 7, lU
solution Aow velocity, cm s- 1
II
molar volume, cm 3 mole- 1
v\1
linear growth rate, cm s- 1
V
step velocity, cms- 1
Vst
vapour-liquid-solid growth, see Ch. 7, 10
VLS
VLRS vapour-liquid-reaction-solid growth, see Ch. 7, 10
activation energy for volume diffusion, J mole- 1
Wn
surface energy per atom, J atom- 1
w
binding energy per molecule, J molecule- 1
l-J!B
seed crystal, see Ch. 10
X
mean kink separation, cm
.\·o
step
separation, cm
Yo
mean displacement on surface, cm
y,
collision frequency, s- 1
Z*
r*

~
( )

{}
[ ]

<>

a

ß

r

y
y'

coordinate system with directions x , y, :::
one particular crystallographic plane
general type of crystallographic planes
crystallographic direction
general type of crystallographic direction
critical angle (twin, grains)
step boundary condition parameter, see Ch. 4
Gibbs- Thompson capillarity constant =V ~ 1 yj RT
interfacial surface energy, J cm - 2
Temkin parameter

SYMBOLS AND ABBREVIATIONS

Ye

8
E

K

Pc
Ps n

a

as
1

dcads

edge energy of nucleus, J cm - 1
boundary layer for solute diffusion, cm
spiral interaction parameter
viscosity, poise
thermal conductivity, J cm - 1 s- 1 K - 1
adsorption mean free path, cm
kinematic viscosity, rJ! p,,.
crystal density, g cm - 3
solution densit y, g cm -3
relative Supersaturation
constant in BCF equation
surface Supersaturation
deadsorption time, s
angle (between twins, grains)
heat of crystallization, J mole - 1
la:at uf crystallizatiun pcr mulecule,

~)

a -as

Q

volume of growth unit, cm 3
angular velocity, rad s- 1

w

J mulecule - 1

6zs

Index
A
absorption, infrared 501
accelerated crucible rotation technique

Bormann technique 521-523, 525
boundary layer
diffusion 149, 151-156, 165, 166,

(ACRT) 13, 228, 256, 270, 273,
290, 291, 295, 296, 299, 300, 302,
305, 326, 327, 386- 395, 401-403,
418, 420, 448.
acid-base concept 79, 84, 106
activity 62

173, 174, 243, 253, 268, 301, 304,
328, 382, 459
hydrodynamic 151
thermal 253, 261
thickness 152-156, 174, 252, 253,
328,386,395,460,461,489,490

adsorption layer (see also surface
adsorption) 170, 171, 174, 323
aluminium oxide 9, 10, 28, 33, 34,

bubble-domain devices (see magnetic
bubble-domain devices)
bunching of steps 183, 188, 189
Burton-Prim-Slichter equation 268,

68, 70, 75, 78, 79, 88, 90, 93, 95-97,
100, 107, 123, 215-220, 296, 297,
337, 349, 360-365, 418, 420, 504,
523, 537, 560, 561
amalgam method 419
anisotropy
facet-related 229
growth-induced 441
atmosphere control 330, 331, 379-381
atomic absorption spectroscopy 475,

478, 479, 494
B
back-stress effect 165, 176
barium titanate 3, 9, 17, 31, 88, 93, 96,

97,106,107,119,123,220,283,287,
296, 297, 299, 308, 370, 374, 401,
417,476,526,537,562-564
BCF (Burton-Cabrera-Frank) theory

323, 324, 489, 490
butterfiy twin 220, 296, 401, 417, 476,

526

c
characterization 2, 32, 73
chemical 89-92, 472-499
general 9, 10, 470-557
standard 544, 545
structural 499-512
chemical transport reactions 7, 10, 316
chemical vapour deposition (CVD) 7,

14, 316
chemieals 375-379
choice of solvent 86-95
chromatography 489
duster 16, 140, 144, 148, 149
colorimetry 475, 477, 484
colour centres 514, 531
complex formation 16, 70, 72, 81-84,

160-166, 170, 171, 173, 174, 176,
189, 212, 249, 252
Berg-Barrett technique 520-524
101-106, 113, 170, 211, 215, 228,
beryllium oxide 223, 296, 337, 501,
229, 281, 282, 291, 292, 416
505,523,526,564,565
complexes 82, 211
627

628

INDEX

complexity of compounds 280-282, crystal handling 501
291
crystal morphology 147, 202-236
computer in Iabaratory automation crystal orientation 510
350, 355, 433, 471, 487, 509, 510
crystal size, maximum 250, 251, 254
crystal-solution interface 139, 143, 149
computer simulation 146, 160, 170
constitutional supercooling (see also Czochralski method 10, 349, 350, 364,
growth rate, maximum stable; mor377, 384-386, 492, 506, 507
phological stability) 237, 239-241,
255, 262, 307, 456
D
convection
defects in crystals (see also Frenkel,
forced (see also ACRT; solution
Schottky defects, etc.) 483, 505,
flow rate; stirring; TSSG) 269512-535
274, 280-284, 293, 301' 369, 370, dendritic growth 22, 183-185, 198,
381-396
226, 229, 231, 263, 266, 402, 518
natural (thermal) 267, 269-272, 290, desolvation 149, 150, 169-172, 198,
293, 299, 301, 321, 323, 370, 3S 1,
255
31l3, 3S6, 447
diamond I 5, 24, 35, I I 2, I 27, 259, 3 I 7,
soluta1 269, 299, 3S1, 383, 447, 460
397-399, 404-411, 419, 565
convection-free cell 270, 272, 317, 383 differential thermal analysis (DT A)
coulomb interactions (see also ionic
116
interactions) 60, 66, 70
diffusion boundary layer (see boundary
coulometry 475
layer, diffusion)
critical nucleus 141, 238
diffusion coefficient 461, 462, 536, 537
crucible materials 292, 311, 313, 356diffusional undercooling 240
372, 404, 463
dislocations SOS, 512-517, 520, 522crucible size 30, 31, 266, 368-370
525, 527, 535, 538-544
crystals, applications (see also ferrodecorated 516
electric crystals, Iaser, etc.) 11-15,
effect on growth (see screw dislocations)
203 .
effect on stability 250, 259
crystal growth
from aqueous solutions 7, 278, 2RO, dislocation density 9, 10, 14, 257, 273,
284, 460, 462, 464, 504, 515, 524,
281, 284, 3R3
from gels 7, 8
526, 538, 540
from high-pressurc solutions 6, 8, distribution coefficient 322- 328, 446,
449, 486, 489, 493, 514, 533
10, 14, 25, 112, 113, 122, 209,329,
double-crystal X-ray topography 521,
331, 396-399, 404-413, 416
from high-temperature solutions,
522, 524
definition 3-6
E
from melt 6, 10, 110
edge nucleation 185-189, 197, 263,
from solid state 6
264, 408, 495
from vapour 7, 10, 14, 110
history 3, 4, 20-49
Ekman-layer flow 386, 388, 390, 391
electrocrystallization 15, 106, 112, 174,
large-scale 12-17, 419
213,293,301,318-321,330,420
rate (see growth rate)
e1ectrolysis 15, 16, 106, 108, 213, 330,
theory 16, 138-198
crystal habit 24, 202-232
376, 416

I N DEX

elcctron diffraction 510, 511
electron microscop y 180, 525- 530, 535
electron paramagnetic resonance (EPR)

fugacit y 62
furnacc design 332- 340
fused salts 59

82, 484, 486, 531' 532
electron probe microanalysis 321, 322,

327,475,479- 481,493,499,528,536
clectron spectroscopy 481, 482, 484,
494
electro-optic crystals 14
embryos 140
emerald 25, 31, 34, 103, 105,311,312,

384, 418, 564
emissivity 348- 350
enthalpy of fusion 62, 67
enthalpy of mixing 63
entropy of fusion 62, 67, 323
entropy of mixing 63
equilibrium form (-habit, -shape)

203-207, 211

gadolinium

G
gallium

garnet

(GGG)

444, 574
gallium arsenide 3, 14, I 09, 126, 256,

302, 303,308,316,317,328,435-440,
442, 443, 447, 455-460, 485, 510,
537, 538, 572
gallium phosphide 3, 80, 109, 126,
308, 309, 312, 313, 315, 317, 320,
327, 328, 419, 435-440, 444, 460,
464, 573
garnets, magnetic (see also rare-earth
garnets; yttrium iron garn et) 3
gemstone(s) 3, 15, 20, 23-25, 31, 408,

410, 535

etch figures, etch pits 189, 449, 525,

526
etching 503
cvaporation method 24, 28, 78, 268,

279,286,293,295,297- 300,401

F
faces
non-singular 207
singular 204, 207
vicinal 207, 248, 249, 274
facet formation 203
facet-related site selectivity 229
ferrimagnetic crystals (see rare-earth
garnets; yttrium iron garnet)
ferroelectric crystals 3, 7, 31, 220
F (flat) faces 205-207, 215
field-strength concept 65, 71, 72
flame-fusion method 10, 31, II 0, 506,

507
flux growth , definition 4
flux-reaction technique 28, 29, 311,

312
free energy of
formation 75, 76
mixing 61, 63, 64, 67
F renkel defect 513

Gibbs-Thomson equation 245
Gilmer-Ghez-Cabrera theory 168-170,

174
gradient-transport technique (see temperature gradient transport)
gravimetry 4 7 5
growth hillocks (see also surface
morphology) 183, 184, 187-190,

193, 194, 220, 225, 227, 255, 257,
274, 495, 530
growth history 538-544
growth rate
effective 294, 297, 301 , 315, 459,

461
142, 152, 155-157, 160,
164-178, 238, 245, 247, 265, 266,
268, 30(), 442, 444

linear

maximum stable (see also morphological stability) I 0, 156, 176,

189, 237, 238, 241, 242, 251-261,
264-268, 274, 284, 286, 293 , 307,
310, 382, 399, 408, 447, 492, 496
stable 87, 156, 176, 237, 264, 286,
290,299,304,307,369
ultimate stable 255-257, 274, 293
unstable 183-185, 261-264, 518,
51Y, 535

INDEX

growth spirals 158-166, 171, 176-183,
189, 198, 220, 248, 408,409, 501
polygonized 180
Guinier-Tennevin technique 520, 521,
524
H
habit faces 147
habit modification 109, 147, 148, 202236, 417, 418
Hartman and Perdok (PBC) concept
146, 147, 181, 205
heat of crystallization 150
heat of fusion 62, 64
heat of solution 69
heat pipes 339, 340
heating elements 332-339
Henry's law 62
high temperature solutions
ionic interactions (see ionic interactions)
structure of 59-9S, 110
hillocks (see growth hillocks)
hollow crystals 18S, 224, 229, 231
hopper growth 18S, 263
hot-stage microscopy 11S
hydration energy 69, 70
hydrodynamic boundary layer (see
boundary layer, hydrodynamic)
"hydroflux" method 416
hydrothermal growth (see crystal
growth from high-pressure solutions)
I
ideal solvent 87
identification S07, S08, S27
immiscibility 6S, 71,102,104,108
impurities, effect on habit 208, 21021S, 217-220, 224, 228, 230, 231
impurities, incorporated 89-91, 94,
203, 211, 217, 218, 220, 222, 228,
231, 262, 286, 29S, 298, 321-329,
370, 372, 383, 408, 463, 476, 479,
486-499, S09, S32
impurity incorporation, facet-related

(see also site selectivity, facet-related)
2S7, 490
inclusions 29, 61, 89, 90, 183-18S,
210, 22S-228, 231, 237, 244, 247,
2S8-263, 267, 284, 28S, 307, 310,
324, 331, SOS, S13, S1S, S18-520,
S2S, S26, S34-S40, S44
inclusions, removal S36-S38
incongruent melting 4
induction heating 332, 338, 339, 348
interface kinetics (see also surface
kinetics) 148-1S2, 1S6-183, 238,239,
247,248,252,2S3,2S8,273,310,460
ion microprobe 483, 494
ionic interactions (see also coulomb
interactions) 60, 66, 70
Ising modd 145
isothermal-solution-mixing (ISM)
technique 314, 4S7, 4S8

J

Jackson(o:-) factor 14S, 146
K
K (kinked) faces 20S-207, 21S
kink, definition 148, 149
kink poisoning 212, 213
Kossei-Stranski model 20S, 206, 211
L
Lang technique S21-S25, S44
Iaser crystals (see also ruby, semiconductor Iaser) 9, 14, 31, 107, 324,
466
lattice-constant determination 484,
48S, S08-S10, S22
lattice energy 7, 69, 70
Laue photograph S19, S20
Lewis acid-base concept 70, 320
light-emitting diode (LED) 3, 14, 309,
433-438,444,4SS,466
light scattering S3S
liquid phase epitaxy (LPE) S, 12-14,
17,109,203,229, 2S6,268, 284,313,
326,3S6,383,412,418,420,433-466,
493, S34
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INDEX

localized cooling 289-291, 295, 313,

339, 388, 392, 402, 420
low-angle grain boundaries 194, 216,

513, 516, 517, 519
low energy electron diffraction (LEED)

511, 529

nuclear magnetic resonance (NMR)

72, 511
nucleation 9, 112, 139
edge 185-189
effect of solution flow

280-282,

290

luminescence analysis (see also optical
fluorescence analysis) 494, 519

heterogeneaus 140, 143, 280, 292
homogeneaus 140, 143, 280
spontaneaus 105,121,183,198,226,

M
macrospirals 180-182, 189
macrosteps 183
magnetic bubble-domain devices 13,

255, 266, 273, 280, 281, 284, 287,
290, 291, 293, 295, 296, 381, 382,
384, 450
surfuce 148,156-160,189,212-214,
216
two-dimensional 148, 156-160, 187,
212-214, 216, 451
nucleation control ~5, 279-293, 295,
296,302,303,392-395,402,403
nucleation rate 141-143, 157, 197
nucleus, critical radius 140, 141, 157,
158,238,239,273,280

14, 121, 229, 286, 324-326, 433,
440-442, 444, 501, 510
magneto-optic crystals 12
mass spc:ctromctry 475, 482, 483, 488,

494
materials information centres 11
metastable phases, growth of 112, 121,

122, 320, 329, 330, 405, 413
metastable region (see also OstwaldMiers region; undercooling, metastable) 61, 84, 85, 94, 102, 121, 139,

279-293,381,382,416,449,450
microscopy
infrared 501, 535
optical 499-506, 519, 535
interference 501
phase contrast 501
mineralizer 29, 95, 411, 419
molybdenum disilicide 332-336
morphological stability (see also
growth rate, maximum stable; constitutional supercooling) 24, 85, 237,

0
optical absorption spectroscopy 511,

519
optical crystals 3
optical emission spectroscopy 475, 477,

478, 487, 494
optical fluorescence analysis ( see also
luminescence analysis) 488, 506
Ostwald's law of successive transformations 121, 329
Ostwald-Miers region (see also nucleation rate; metastable region)

279-292, 381

249
p

mosaic structure 516, 517, 519, 522-

524
Mössbauer effect 82, 484, 486, 511,

532
N
neutron activation analysis 475, 487
neutron diffraction 72, 510
nonstoichiometry 73-77, 472, 483-

486, 510, 512, 513

partial molar quantities 61
periodic bond chain (PBC) concept

146-148, 181,197,205,206,214
perturbation theory 244-248
phase diagrams 71, 73, 80, 83, 84, 107,

113, 122-127
determination 79, 113-127
phase transitions 220, 512, 531, 532
philosopher's stone 26

INDEX

photo-emission electron microscopy

528-530
PID control 350-355
piezoelectric crystals 7, 31
platinum handling 292, 333, 33S,

341-347, 356-365, 367-372
polarizability 66, 70, 72, 84, 92, 101
polarography 475, 477
precipitates 518, 520, 526
proportional control 350- 355
purification 311, 323, 375- 3SO
pyrometry 340, 348-350
R
radiograph y 536
Raman spectroscopy 72, 81, 519
Raoult's law 63-66
rare-earth garnets 3, 9, 12, 31, 79, 93,

96, 97, 101, 102, 105, 187, 188,
226-229, 291, 292, 324-327, 330,
392, 413, 418, 440-442, 449, 451,
570, 574, 581, 584, 585, 588, 590,
594
rate-determining process 151, 164176, 198, 459, 460
Rayleigh number 269, 270
reaction equilibria 79
reaction method 293, 301, 328
reciprocal salt systems 80, 92- 94
redox equilibria 73, 74, 78, 79
repeatable step 205
resistance heating 332-338
resistance thermometry 340- 343, 346
retrograde solubility 66
Richard's rule 67, 68
ruby 3, 9, 14, 15, 24, 25, 28, 30 31, 33 ,
74,107, 123,215,297,321,503, SOS,
506, 560, 561

s
salting out effect 293, 314
sawing 501
scanning electron microscopy

527, 528, 535
Schottky defects 513
Schutz technique 520, 521, 524

480,

screw dislocation (sec also spiral
growth mechanism) 158-160, 165,

176-183, 189, 194, 198,
227,286, 517,523,541
seed crystal 267, 282, 284,
291, 292, 301-305, 309,
383, 385, 392, 393, 396,
407, 418, 538-541
mounting 286-288
segregation 322, 323

220, 225,
286, 287,
313, 369,
402, 403,

semiconductor crystals (see also gallium arsenide and phosphide; silicon)

14, 16, 108-113, 126, 127, 317, 320
356
semiconductor Iaser 14, 433, 437-440,
466
shifting-equilibrium technique 293,
314
silicon 3, 108, 127,308,317,349,364,
587
silicon carbide 110, 111, 308, 317, 330,
332-338, 366, 416, 418, 420, 436,
437, 537, 538, 587
site preference 229
site selectivity, facet-related 229, 286,
324, 408,
slow-cooling method 28, 264-268, 279,
283, 287, 293-296, 420, 533
solar cells 466
solid solubility 73, 74, 78, S7-92, 110,
113
solid solutions, preparation of 295,
302,304-307,320-328,331,415
solubility (see also phase diagrams)

62-64,66,70,81,84-88,92,94,105,
106, 108, 109, 122, 284, 356, 404,
405, 416
determination of 113- 127, 328
retrograde 66, 298
solubility parameter 65
solution flow
effect on habit 208-210, 227
effect on stability 251-268, 272-274
solution flow-rate (see also ACRT;
convection; stirring; TSSG) 151,

154, 171-173, 183, 381-384

INDEX

solutions
associated 63, 67
ideal 140
iomc mteractwns in 60, 66, 112
metallic 64, 72, 108- 113, 126, 127,

270, 286, 328, 366, 405
non-ideal 63- 66
regular 63, 64, 72, 460
structure of 59- 95, II 0
viscosit y of 281, 282
solvation 63, 64, 69, 70, 81, 149, 207,

209
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11.1. Discovery and Early Developments
Superconductivity was discovered first in metals (e.g. Hg, Pb), then in binary
compounds (NbC, NbN, A15-type compounds like Nb3Sn), and later in ternary
compounds like PbMo6S8 (Chevrel phases) and BaBiPb-oxides. For many years
the highest critical temperature Tc was the 23K of Nb3Ge, discovered by B.T.
Matthias. Then Bednorz and Mueller (1986) found signs of superconductivity
at around 30K in a mixture of cuprate phases prepared by solid-state reactions.
Other groups confirmed superconductivity up to 30K in (La, Ba)2CuO4, and
found Tc up to around 40K in La1.85 Sr0.15 CuO4. Later, by crystal-chemical variations like partial replacement of the large cations by Y, Bi, Tl and Hg respectively,
Tc was raised to 92K, 115K, 125K and 133K, successively.* These developments
are shown in Fig. 11.1 where it can be seen that the chemical complexity, the
number of constituent elements of the superconductor, increases with Tc. BCS
stands for the Bardeen-Cooper-Schrieffer theory of classical superconductors
(Bardeen et al. 1957). The Nobel prizes for the discovery of superconductivity
in 1911 by Kammerlingh Onnes, for the BCS theory, and for the disovery of 30K
superconductivity in 1986 by Mueller and Bednorz, are indicated by stars.
The problems of material and crystal preparation grow with increasing Tc because the thermodynamic stability ranges decrease. This relation is demonstrated
in Fig. 11.2 where the melting or decomposition temperatures of superconductors
are plotted. The relatively strong, partially ionic metal-oxygen bonds require the
processing of superconducting high-temperature superconductor (HTSC) oxide
compounds at sufficiently high temperatures in order to mobilize the species for
* The achievements of high critical temperatures in breakthrough materials have been celebrated
as great discoveries. These initial measurements were performed on simply prepared polycrystalline
multiphase samples. A very demanding effort of preparing pure phases and crack- and void-free crystals and layers is then required for fundamental studies and for applications of HTSC.
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Fig. 11.1. The historical development of superconductors shows that the increasing critical temperatures are observed in compounds of increasing complexity. The awards of three Nobel prizes are indicated
by stars, and BCS stands for the theory of classical superconductors by Bardeen, Cooper and Schrieffer
1957 (Scheel et al. 1991).

Fig. 11.2. Melting or decomposition temperatures decrease as Tc is increased. This may limit the upper
temperature of practically useful superconductivity to about 160K (Scheel et al. 1991)

recrystallization, epitaxial growth, and bulk crystal growth *. From Fig. 11.2. and
from the materials engineering problems of the past years it may follow that technologically useful superconductivity may not exceed a temperature around 160 K
due to stability limits of HTSC compounds. These limits seem to be related to
the phenomenon of high-temperature superconductivity. When this HTSC phenomenon is fully understood, it should be possible to predict and develop practically applicable superconductors with the highest Tc and with a minimum of
toxic elements. However, in addition to the basic requirements of the physics, the
transformation into practically useful HTSC compounds will demand progress
in solid-state chemistry, in crystal chemistry, and in crystal growth technology
of the complex compounds where the physics-derived structural elements are
incorporated. It may take a generation of scientists and a full multi-disciplinary
approach (in contrast to the physics-dominated research in the first ten years of
* Future technologies based on combined HTSC and microelectronic and optoelectronic phenomena will demand HTSC configurations with sufficient stability at processing temperatures and
in vacuum.

637

crystal growth from high temperature solutions

HTSC research) before novel and useful HTSC compounds can be developed.
Until that understanding is achieved, new superconductors will be developed
empirically (Abrikosov 1988).
The combined difficulties of complex composition, complex layer structure,
and limited thermodynamical stability confront materials scientists and crystal
growers with fascinating and unparalleled problems. Some of the problems related to crystal growth and epitaxy of HTSC compounds, with emphasis on the
most-investigated YBa2Cu3O7-x (YBCO), will be discussed in the following sections.
11.2. Crystal-chemical Aspects
When we define high-temperature superconductivity as the phenomena above
the boiling point of liquid nitrogen (77K) for technological applications, or as superconductivity beyond the limits of the classical BCS theory (about 35 to 40K)*,
we have four major classes of HTSC compounds. The common features of these
are a layer character parallel to the a-b plane, consisting of rock-salt-like A-O layers (with A a large cation like Y, rare earths, Bi, Tl, Hg) and perovskite-like layers
B-Cu-O with B being one or two of the alkaline-earth ions Ca, Sr or Ba.
The crystallographic and crystal-chemical aspects of HTSC compounds have
been reviewed by Jorgensen (1987), Rao (1988), Sleight (1988), Yvon and Francois (1989), Cava (1990), Goodenough (1990), Raveau et al. (1990) and Park and
Snyder (1995), and in numerous books on HTSC. We focus here on a few aspects
related to crystal growth. Within the layer structures of the cuprate superconductors there are nearly planar CuO2 sheets which carry the supercurrent. Uninterrupted continuity of these sheets, or at least excellent percolation, is thus
required. The distance between these CuO2 sheets, as well as localized defects,
determine the pinning of the superconducting flux and thus the critical current
density and its temperature- and magnetic-field dependence.
Between the CuO2 layers and the non-superconducting layers exists strain
due to lattice mismatch which defines the optimum oxidation state of the copper
ions, which should be around +2.2 in p-type superconductors in order to allow
Cooper-pair condensation (Park and Snyder 1995). Therefore, for most HTSC
applications a compromise has to be found between generally high structural
perfection and a high density of localized defects acting as pinning centers for
superconducting vortices.
* There is also experimental evidence for phonon-mediated BCS superconductors with Tc below
30K from tunneling spectroscopy and the isotope effect, whereas high-Tc superconductivity above
77K seems more complex and still unexplained.
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In addition to YBCO with the superconducting transition temperature Tc = 94 K,
the Bi-based compounds Bi2Sr2CaCu2O8 (Bi-2212) and Bi2Sr2Ca2Cu3O10 (Bi-2223)
and the Tl compounds Tl2Ba2CaCu2O8 (Tl 2212) and Tl2Ba2Ca2Cu3O10 (Tl-2223),
have attracted the largest interest for HTSC applications so far. Tc is between 80
and 110K for the Bi-compounds and 112 to 127K for Tl compounds. The layer
sequences for the 2212 compounds are:
- BiO-SrO-CuO2-Ca-CuO2-SrO-BiO- and
- TlO-BaO-CuO2-Ca-CuO2-BaO-TlO-;
and for the 2223 compounds
- BiO-SrO-CuO2-Ca-CuO2-Ca-CuO2-SrO-BiO- and
- TlO-BaO-CuO2-Ca-CuO2-Ca-CuO2-BaO-TlOfor the Bi- and Tl- HTSC compounds, respectively.
The corresponding class of Hg-HTSC compounds was discovered by Putilin et al.
(1991) and the critical temperature could be successively raised from 94K (Putilin
et al. 1993a), 120K (Putilin et al. 1993b) to 133K (Schilling et al. 1993), the latter in a multi-phase material containing only about 40% of the superconducting
phase. The crystal structures have similarity with the analogous series of Bi-and
Tl-compounds. As examples of these HTSC-compounds with pronounced layer
structure the structural arrangements of the Hg-HTSC compounds Hg-1223 and
Hg-1234 with Tc around 130K are shown in Fig. 11.3. a and Fig. 11.3.b, respectively.

Fig. 11.3. Crystal structures of (a)Hg-1223 and (b)Hg-1234. The large, medium-large, black and
smallest circles refer to Ba, Ca, Hg and Cu, respectively. Oxygen is indicated by the second-smallest
circles; the partially filled circles in the Hg layer show partially filled oxygen positions. Of the copperoxygen pyramid only the apical oxygen is represented by circles.
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Numerous other HTSC compounds and solid solutions with La, rare earths, and
Pb as large cations have been described, also infinite-layer compounds with the
stacking sequence - CuO2 - (Ca, Sr) - CuO2 -. These compounds are of only fundamental interest to date and will not be discussed here.
The tetragonal or orthorhombic compounds within a class of HTSC compounds have similar a- and b-lattice constants so that stacking of structural units
with varying composition may occur depending on local compositional fluctuations during growth. This “chemical polytypism” is frequently observed in the Bibased compounds and can also occur in the other HTSC classes, see Fig. 11.4.
Other inhomogeneities in HTSC compounds are due to variations of the alkaline-earth ratios (e.g. Sr : Ca), to mixed site occupancy of Ba and rare earths in the
123 compounds (e.g. Nd1±y Ba2±y Cu3O7-x), and to the oxygen content. In addition
to oxygen non-stoichiometry, oxygen ordering phenomena can also be observed.
All these deviations from the optimum structure, composition and doping have
effects on the superconducting properties, as have other common defects like dislocations, stacking faults, twin boundaries, grain boundaries and point defects.
Thus, the preparation of structurally and chemically well-defined HTSC crystals
and layers is extremely demanding. On the other hand a high density of defects
of the size of the superconducting coherence lengths (ca. 5 – 100Å) is desirable
to achieve pinning of the superconducting vortices for high-current applications
of HTSC. The complex structures and compositions of HTSC compounds open
questions about the species in the mobile (liquid or gaseous) phase, about the
desolvation and reaction phenomena near the growing surface, and about the
incorporation mechanisms.
11.3. Phase Diagrams and Solubility Curves
Thermodynamic data for all possible reactions including redox equilibria, the
phase relations around the HTSC phase of interest including its primary crystallization field, and solubility curves with possible solvents are of interest for the
optimized fabrication of crystals and epitaxial layers. Data are required for the
growth of large crystals, for temperature programs for maximum stable growth
rates, and for analysis of segregation in order to achieve crystals of the desired
composition and homogeneity. These aspects will be briefly reviewed with emphasis on YBCO and BiSCCO, whereas for other HTSC compounds of importance only a few references will be given.
The thermodynamic data for compounds of the system Y2O3 - BaO - CuO have
been evaluated theoretically and experimentally, and reviewed by Tsagareishvili
et al. (1990), Voronin and Degterov (1991), and Moiseev et al. (1992). The stability limits of YBCO as a function of temperature and oxygen partial pressure,
important for the epitaxial deposition and for melt processing, have been ana-
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lyzed by Bormann and Nolting (1989) and by Lindemer et al. (1991). This limit
can be shifted to higher temperatures by activated oxygen species as shown by
Hashimoto et al. (1991). A further effect of oxygen (and of activated oxygen) is to
increase all liquidus and solidus temperatures of cuprate systems with increasing
partial pressures. This fact has to be taken into account in crystallization processes; it may even be used to program the supersaturation or to achieve growth
at the lowest possible temperature.
Of specific interest for crystal growth of the incongruently melting HTSC compounds are phase relations with solvent candidates, with low-melting eutectics
such as BaCuO2-CuO for growth of YBCO, the primary crystallization field and
the solubility curves of YBCO, and the pseudo-binary diagram YBCO-eutectic.

Fig. 11.4. Schematic view of the structures of observed phases in the system Y2O3-BaO-CuO. The 123
phase (YBCO) is the most widely investigated HTSC-123 compound.

The experimental determination of HTSC phase diagrams is hampered by the
following factors in the case of Y2O3 - BaO - CuO (Scheel and Licci 1991) :
i) The large differences in melting point of the oxides and oxide compounds :
Y2O3 2400°C, BaO 1900°C, CuOx 1140°C in air, Y4Ba3O9 2160°C, and the lowmelting eutectics (e.g. 825°C for the CuO-Cu2O-BaCuO2-BaCu2O2 eutectic).
(ii) The sluggish reactions typical for peritectic systems, such as slow dissolution
of high-temperature phases (once formed) and reaction layers around components which ought to participate in equilibration.
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(iii) The complexity of the quaternary and quinternary systems “requiring the
preparation of hundreds of compositions and ten times that number of individual experiments” after Roth et al. (1987).
(iv) The thermodynamically partially open system with valency change of copper and the partial pressure of oxygen as an additional dimension
(Holba 1992).
(v) The very slow equilibration at a given temperature with the actual oxygen
partial pressure once melting has occurred, leading to a dense surface of the
sample. This causes the presence of non-equilibrium solid and liquid phases.
(vi) The corrosion of crucibles leading to contamination and shift of equilibria
(see below) and to creeping (separation) of liquid phases.
These factors explain the scatter of published HTSC phase diagram data. For example the primary crystallization fields (PCF) from six publications 1987/1988
(see Scheel and Licci 1991) are shown in Fig. 11.5.a along with the proposed PCF
in Fig. 11.5.b which is similar to the PCF of Oka and Unoki (1990).

Fig. 11.5. The primary crystallization fields of YBCO in the ternary system BaCuO2 - CuO - YBCO
(a) from different authors (from Scheel and Licci 1991) and (b) as proposed by Holba and Scheel along
with the eutectic composition E of the binary BaCuO2 - CuO in air (Licci et al. 1991).

As solvent for crystal growth and liquid phase epitaxy of YBCO the eutectic
composition between BaCuO2- CuO can be utilized in order to achieve a homogeneous solution (Scheel and Licci 1987). The published eutectic compositions
are scattered due to the above-mentioned problems between 18 and 40 mol %
BaO, and the eutectic temperatures between 820 and 950°C. Crystal growth experiments followed by flux separation and identification of crystallized phases, in
combination with heating curves in differential thermal analysis (DTA), resulted
in eutectic temperatures and compositions of 910±10°C / 29±1.5 mol % BaO in
air, and 935±10°C / 33±3 mol % BaO in oxygen atmosphere (Licci et al. 1991).
These examples of PCF and eutectic composition in the system Y2O3 - BaO - CuO

11. crystal growth and liquid phase epitaxy of htsc

642

indicate that dynamic methods like DTA and simultaneous thermogravimetry
(TG) have to be complemented by long-time annealing- and quenching experiments, by careful examination of reversibility of reactions, and by crystal growth
experiments, for determination of liquidus temperatures. Within the PCF of the
compound to be crystallized the solubility curve is of special interest for crystal
growth and LPE experiments. In Fig. 11.6. the solubility curves for YBCO and
for NdBa2Cu3O7-x (NdBCO) are compared. Earlier solubility curves are in error
because of corrosion of alumina crucibles.
For the determination of HTSC phase diagrams as well as for synthesis of stoichiometric materials and for reproducible crystal growth experiments, the purity
of starting chemicals is crucial. Rare-earth oxides, Y2O3, and CuO can be commercially obtained in high purity, i.e. of 99.9 and 99.99% purity of the contained
cation. This means that the remaining 0.1% or 0.01 % may be metallic impurities.
However, the content of the nominal composition of, say, CuO may be much
lower, because of the presence of the cation in other valency states like Cu2O
and Cu, or of volatile anions (sulfate, phosphate etc) or of moisture or organic
compounds. Therefore, either essay analysis is recommended or a heat / vacuum
treatment adapted for the specific compound. An easy check for crystalline impurity phases is done by x-ray diffraction, of which the detection limit of 0.5% can
be achieved (Francois and Scheel 1989) with only 10 to 20 mg of sample. A specific problem exists with the alkaline-earth compounds : carbonates and sulphates

Fig. 11.6 Pseudobinary section in the phase diagrams of YBCO and NdBCO (Klemenz & Scheel
1999)
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available as high-purity grades show slow reactivity at typical HTSC synthesis
temperatures between 600 and 1000°C. Therefore, BaO or BaO2 are preferable
for synthesis of YBCO, for example. These two oxides are available with purities
95% to 99%, with the main impurities Sr and the reaction products with humidity
and with carbon dioxide. Only one source for high-purity BaO2 could be found*.
For crystal growth of YBCO and other 123- compounds, many solvents wellknown for growth of oxide compounds (see chapters 3 and 10) were experimentally tested as the corresponding phase diagrams are lacking. The low-melting
fluorides KF and PbF2 yield only CuO needles. Li- and Ba-borates have relatively
high melting points (e.g. Ba3B2O6 1383°C), above the stability limit of YBCO,
however boric oxide may be added in small amounts to any high-temperature solution to use its frequent role in suppressing multinucleation. Lead and bismuth
oxides have the disadvantage of significant substitution for Ba and rare-earth ions
in 123 compounds. Other common molten solvents like vanadates, molybdates,
and tungstates form high-melting compounds with the constituents of HTSC
compounds. Only alkali halides have been successfully used for thin crystals of
YBCO and of Bi- and Tl-HTSC compounds, and low-melting hydroxides like
LiOH or LiOH-NaOH have potential as HTSC solvents (Stacy 1989). These latter
solvents probably show low solubilities for the HTSC compounds, thus hampering the growth of large inclusion-free crystals.
Reliable data for the quinternary Bi-and Tl-based HTSC compounds require
lengthy investigations and become slowly available. The existence regions of liquid plus 2212 and 2223 compounds with the highest superconducting temperatures are so narrow with respect to composition, temperature and oxygen partial
pressure, that extreme composition and temperature control are required to synthesize single-phase material and large single crystals (Majewski 1994, Huang et
al. 1995, Hallstedt et al. 1996). The solid-solution ranges of the Bi-2212 and -2223
phases are shown in Fig. 11.7.a, and the PCF of Bi-2212 is indicated in Fig. 11.7.b.
Solid solutions and the chemical polytypism discussed above are additional complications for the growth of well-defined single-phase crystals and layers.
From the experimental solubility curve, Klemenz and Scheel (1999) determined the heat of solution of YBCO in a solvent with Ba:Cu ratio of 31:69 to be
34.7 kcal/mole. This agrees quite well with data of Tsagareishvili et al (1990). For
NdBCO crystals grown in air from the same solvent 28.1 kcal/mole at 1060°C
was obtained. Attempts to express the heat of solution using multi-ion or multiple
groups in solution have begun (Aichele et al 1997).
*Kojundo Chemical Laboratory Co.Ltd., No. 1-28, 5-chome, Chiyoda, Sakado-shi, Saitama pref.,
Japan 350-02, (BaO2 with 0.2 wt % Sr, 0.03 Na, 0.01Si; 0.006 Fe, 0.005 Mg).
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Fig. 11.7(a) Solid solution ranges for Bi-2212 and Bi-2223 in the quaternary system Bi2O3-SrO-CaOCuO at 850°C in air (Majewski 1994). (b) The PCF of Bi-2212 in an isothermal section at 870°C in air
(Hallstedt et al. 1996).

The section of the tentative phase diagram Tl2O3-BaO-CaO-CuO including the
superconducting Tl-2212 and Tl-2223 phases is shown in Fig. 11.8. The very
small composition and temperature ranges of the PCFs require both precise temperature control and overcoming the thallium oxide evaporation problem, for
phase diagram studies as well as for crystal growth. The toxicity of Tl compounds
demands protective measures like gloves, gloveboxes, and well-ventilated hoods.
The health hazards of Tl-, and even more of Hg-based HTSC compounds, may
limit their applications.

Fig. 11.8. Tentative phase diagram section including the Tl-2212 and Tl-2223 phases with extremely
small existence ranges (Kotani et al. 1989). ΔT indicates the temperature ranges of the primary crystallization fields of the Tl-HTSC compounds.
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1.4. Crucible Corrosion
In the range of growth temperatures from 850 to 1100°C the BaCuO2 - CuO and
CaCuO2 - CuO melts for flux growth and LPE of YBCO and of Bi-HTSC phases,
respectively, are very corrosive. The low growth rates required to achieve stable
growth and bulk crystals free from inclusions (Scheel 1988) lead to very low cooling rates and thus to long runs. This requires crucible lifetimes of several weeks.
Crucible corrosion causes contamination of the growth solutions and of the crystals and therefore should be kept at minimum. Platinum crucibles normally used
in growth of oxide compounds are heavily attacked, leading to the formation of
non-superconducting Pt-rich phases like Y2Ba2CuPtO8 (Laligant et al. 1987) and
Y2Ba3Cu2PtO10 (Scheel and Licci 1987, Calestani et al 1988). Gold is probably the
most corrosion-resistant noble metal. It does show strong wetting and creeping,
a fact which can be used to separate the flux from crystallized YBCO (Kaiser et
al. 1987). The YBCO crystals grown from gold crucibles typically contain 0.7-0.8
at. % of gold. Also it was observed that Cu diffuses through the gold crucible
wall and oxidizes outside, thereby indicating the level of the molten mass inside
the crucible (Schmid 1988). Other metal crucibles like iridium or nickel are easily oxidized and alloyed and therefore could not be utilized. Ceramic crucibles
consisting of high-melting oxides, having a longer life than Pt crucibles, are also
corroded. Alumina crucibles have been widely used in crystal growth and LPE
of HTSC compounds. The corrosion mechanism (Scheel et al. 1989) consists of
diffusion of Ba and Cu into the ceramic followed by the formation of a reaction
layer which is then dissolved by the corrosive crystal growth melt. This corrosion
mechanism is similar for zirconia and tin oxide crucibles which had been suggested bySchneemeyer et al. (1987) and by Thomson et al. (1988), respectively.

Fig. 11.9. Schematic view of the corrosion mechanism of alumina, zirconia, and tin oxide crucibles
(Scheel 1994).
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As is indicated in Fig. 11.9, the phases in the reaction layers are BaAl2O4, Cudoped BaZrO3, and Cu-doped BaSnO3, respectively, for alumina, zirconia and tin
oxide crucibles (Scheel 1994). BaZrO3 has been tested as a crucible material, and
the dissolution rate may be less than that of the Cu-containing BaZrO3 reaction
layer of zirconia crucibles. The apparent low contamination of the crystals may
be due to the fact that the contaminated melt passes through the walls of the porous crucible. The low contamination level of the melt remaining in the crucible
could be estimated from the flow through the porous crucible walls, the corrosion rate, and from the mass transport by convection and diffusion in the main
fraction of the melt. The crucial disadvantage of porous crucibles is the shortened
lifetime of the melt, limiting the size and quality of the crystals, or requiring melt
replenishment for growth of large crystals. Another porous crucible material with
apparently no corrosion is SrIn2O4, discovered by Hoechst in 1989, but crucible
development was abandoned when the porosity problem could not be solved. In
an attempt to reduce the contamination from crucible corrosion, growth experiments with different BaO-CuO ratios were made and the YBCO crystals analysed
for Al content and Tc by Licci et al. (1991b). The molar ratio of 31% BaO / 69%
CuO was found to be optimum for both corrosion rate and Al distribution coefficient; Al content was up to 3 at. % on the copper site. Tc above 90K could still be
achieved with an optimized oxidation procedure (Licci et al. 1991a).
Crucible corrosion effects could be prevented by development of new crucibles
from a high-melting constituent of the HTSC compound to be crystallized, e.g.
Y2O3 crucibles for growth of YBCO (Scheel et al. 1989). Plasma spraying was used
to test new materials without the necessity of full crucible development. Plasmasprayed yttria layers (Berkowski et al. 1992) on alumina substrates showed 5 to
10 times lower corrosion rates than alumina. Thus yttria crucibles were used for
crystal growth (Dembinsky et al. 1990) and for LPE (Klemenz and Scheel 1993)
of YBCO and developed by several companies (see Scheel 1994). Similarly the
development of Nd2O3 crucibles for growth of NdBCO and of CaO crucibles for
growth of Bi-and Tl-based HTSC compounds could be envisaged.
Approaches to minimize crucible contamination have been reviewed by Assmus and Schmidbauer (1993). These include skull melting, levitation, and use
of a pedestal so that flux can separate to leave small crystals. However, these approaches have not found wide application, mainly because of the long melt life required for growth of large inclusion-free crystals as discussed in the next section.
11.5. Crystal Growth of High-Tc Superconductors
In the first phase after the discovery of superconductivity above 90K in YBCO by
Wu et al. (1987), small crystals important for the initial physical investigations
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and structure determinations were grown in several laboratories (Kaiser et al.
1987, Laudise et al. 1987, Schneemeyer et al. 1988, Siegrist et al. 1987, Hinks et
al. 1987). Mixtures of the constituents of YBCO (BaO, BaCO3, Ba(OH)2 or BaO2,
with Y2O3, and CuO) with excess of Ba- and/or Cu-constituents were heated in
ceramic or gold crucibles to yield a partially liquid mass (slurry). By cooling and
solidification, cavities were formed from which small, thin platelets could be recovered. Larger crystals frequently covered the surface of the solidified mass and
were then freed by dental drills. In other cases specific shapes of ceramic pieces in
crucibles, or the wetting effect of gold were utilized to separate the small YBCO
crystals from the flux. There was an apparent limit of thickness and size of the
crystals randomly formed in the slurry method.
The first attempts to apply the fundamentals of crystal growth (primary
crystallization fields, clean homogeneous solution, control of nucleation and of
maximum stable growth rate) were performed at the MASPEC-CNR institute in
Parma and at the Electrotechnical Laboratory in Tsukuba. Oka and Unoki (1987)
established the primary crystallization field (PCF) of YBCO, later to be confirmed by Holba and Scheel. The decanting of flux from large crystals attached to
the crucible wall was reported by Scheel & Licci (1988). The problem with quick
decanting is dynamic wetting, the velocity-dependent reduction of the equilibrium wetting angle which leads to flux droplets remaining on the crystal surface.
Whereas in normal growth from high-temperature solutions the solvents can be
dissolved to free the crystals (see Ch. 3), this has not been achieved in growth
of YBCO and other HTSC compounds grown from constituents like BaO-CuO.
Therefore, the achievement of clean surfaces still requires special efforts. In specific cases, additives to the melt may increase its surface tension and thus the wetting angle. Another method is to approach the equilibrium wetting angle by very
slow removal of the melt (or of the crystal) by suction: a porous ceramic piece is
introduced into the melt containing grown crystals to slowly withdraw the liquid
(Boutellier et al. 1989).
Thin platelets were generally formed in the early phase of YBCO crystallization, typical thicknesses being 10 to 100 µm with lateral dimensions up to 3mm.
From the crystallographic structure of YBCO, with a layer character parallel to
(001) but with strong bonds along [001], a more equidimensional shape is expected as equilibrium habit. In early 1988 the formation of thin YBCO platelets
was explained by morphological instability, as a form of unstable growth similar
to dendrites (Scheel 1988). A comparison was made with the thin plates found
in cubic or nearly cubic perovskites, where the large growth anisotropy was explained by the twin-plane reentrant-edge mechanism or by a large number of
screw dislocations (see Ch. 5). The answer for YBCO platelets was revealed by
an investigation using combined scanning-electron microscopy (SEM) and scan-
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ning tunneling microscopy (STM). The narrow (100) surfaces showed remarkable deviations from flatness as indicated schematically in Fig.11.10.a.
The left side of the 76 µm wide surface is raised with respect to the right side
by about 3 µm ; we call this the leading edge. The initial steep slope of about 4.5°
changes at a line indicated by arrows to a slope of 2.8° and, in the middle of the
surface, to a slope of 2.1°. The surface rises again to the right-side edge which we
call the secondary edge. The profiles of this platelet and of a 53µm thick YBCO
platelet are shown with exaggerated angles in Fig. 11.10.b.

Fig. 11.10. (a) An edge-to-edge STM plot of a (100) face of a YBCO crystal S46. The changes in slope
are indicated by arrows. (b) Profiles of the (100) faces of the crystals S46 (top) and S61 indicating the different slopes with respect to the horizontal lines representing the crystallographic (100) planes. The angles
are exaggerated due to the different scales in x and z. (Scheel and Niedermann 1989).

In this leading-edge growth mechanism the raised edges appear to act as elongated dendrite tips. The steps originating from these rough edges propagate
downwards towards the lowest region where they are annihilated by steps arriving from the secondary edge. Note that the supersaturation profile, due to the
varying diffusion-boundary layer thickness across the (100) surface, is not compensated by a continuous change in slope, but by discrete slope changes along the
lines indicated by markers in Fig. 11.10.a.
Remarkable deviations from the flatness of narrow faces of platelets have been
observed with other materials (Licci and Scheel, unpublished). Platelets appear
to occur in cases of structurally induced growth anisotropy (layer structures) or
are caused by either the twin-plane re-entrant-edge mechanism (see Ch. 5) or by
the leading-edge mechanism. When the latter is fully understood, a process for
reproducible fabrication of platelet crystals (for substrates etc.) may be envisaged.
Since platelets of YBCO are a form of growth instability, a low supersaturation
and very low cooling rates should result in development of the equilibrium habit.
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This has been confirmed by Sadowski and Scheel (1989) as shown in Fig. 11.11.
Crystals of more than 5 mm thickness have now been grown, the main problem
being contamination from the crucibles. Another problem is oxidation of the asgrown tetragonal YBa2Cu3O6 to the orthorhombic, superconducting YBa2Cu3O7-x
phase with x between 0.0 and 0.1. This problem has still to be solved in order to
achieve large (cm3) superconducting crystals for fundamental physical studies
such as neutron scattering. The oxidation of a compact YBCO crystal is complex:
1) due to the structural phase transition and the related large changes in the lattice constants, 2) due to the large differences of the oxygen diffusion coefficients
in the three orthorhombic directions, and 3) due to the strains caused by the gradients since the oxidation starts from the periphery of the crystal. The strains are
partially released by twinning. It is a challenge to design an oxidation procedure
(with programming of temperature, oxygen fugacity, uniaxial pressure) to yield
large single-domain fully oxidized crystals of YBCO free of cracks and microcracks; then it would be worthwhile to grow large YBCO crystals to be oxidized
for fundamental measurements.

Fig. 11.11. Experimentally observed YBCO plate thicknesses for various cooling rates
(Sadowski and Scheel 1989).

Alternative approaches to grow HTSC crystals are the travelling-heater method
(THM) and the travelling-solvent method (TSM) introduced in Chapter 7. For the
incongruently melting HTSC compounds, either solvents or non-stoichiometric
melts, with excess constituents acting as solvents, have to be applied. The major
advantage of THM and TSM is the fact that these techniques are crucible-free,
thus eliminating contamination of the crystals through crucible corrosion. However, the technological difficulties have so far prevented the successful application
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of THM/TSM to HTSC compounds (Revcolevschi and Jegoudez 1996). These include instability of the liquid zone and of the growth interface, crystal size limitation, and difficulty to achieve single-crystallinity and phase purity. Recently TSM
was improved to yield quite large crystals of NdBCO (Kuroda et al. 1997).
Top-seeded solution growth (TSSG) has the disadvantage of contamination
from crucibles and growth instability, though by rigorous application of the principles discussed in Chapters 6 and 7 it should be possible to grow large (>1 cm3)
inclusion-free crystals of most HTSC compounds. Relatively large crystals of
YBCO have been TSSG-grown by Zhokov and Emelchenko (1993).
For application of large HTSC crystals in magnetic bearings the perfection
requirements are not so stringent. Secondary phases and other defects are useful
to enhance the critical current density by fixation of the superconducting vortices. Crystals are grown by Bridgman-like solidification (melt-texture-growth
process; Jin et al. 1988) or from peritectic melts with source material: a combination of TSSG and gradient transport. The special problems in development of
bulk “imperfect” HTSC crystals are reviewed by Murakami (1992), Alexander et
al. (1992), Yamada and Shiohara (1993) and by Wang et al. (1996).
Whisker- and needle-shaped crystals of NdBCO have been grown by Klemenz
and Scheel (1999). Crystals up to 2 mm in thickness and 7 mm in length were
grown by holding a NdBCO/BaO/CuO melt at 1045°C for a week in a neodymium oxide crucible. Dissolution of the crucible wall provides the supersaturation.
The crystals were separated by decanting the residual melt and allowing the crucible to disintegrate at room temperature on exposure to moisture in the air. The
superconducting transition in the crystals occurred at 77K, below the maximum
for NdBCO because of the replacement of some barium by excess neodymium.
Whiskers may be useful as the base for superconducting wires and tapes.
The highest Tc materials, those of Bi, Tl or Hg, were discovered in mixtures of
phases made by solid-state reactions. The discovering groups never identified the
superconducting phase or grew single crystals, and it was left to other groups to
perform these more challenging tasks, as in the case of the discovery of LaBaCuO
and YBaCuO HTSC materials.
Crystal growth of the Bi- cuprates has been attempted by flux growth using
alkali halides as solvents, or by using excess constituents as solvents. Soon after
the discovery of the Bi - HTSC compounds the growth of crystals was attempted
in numerous laboratories (Liu et al. 1988, Hidaka et al. 1988, Schneemeyer et al.
1988, Hikita et al. 1988, Katsui and Ohtsuka 1988, Ginley et al. 1988, Ciszek et
al. 1988, Nomura et al. 1988, Ren et al. 1988, Takekawa et al. 1988, and others).
Thin platelets generally consisting of several Bi - phases like Bi2Sr2Ca1Cu2O8+x (Bi
- 2212), Bi - 2223, Bi - 2112, and Bi 2201 were obtained. By cleaving, thin singlecrystalline plates up to a few micrometers in thickness could be achieved. The
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growth of large single-phase crystals is difficult due to the narrow temperature
stability ranges (Komatsu et al. 1992). Additional problems include very small
primary crystallization fields (which become only slowly known), and the
intergrowth of the structurally similar compounds (in the a-b plane), which was
named chemical polytypism (Scheel 1994) or syntactic intergrowth (Morosin et
al 1988).
Developments in the growth of the Bi - HTSC compounds Bi - 2201, Bi - 2212
and Bi - 2223 until 1993 have been reviewed by Assmus and Schmidbauer (1993),
and the growth by THM / TSM by Revcolevschi and Jegoudez (1996). A special
problem was the achievement of single-phase crystals of the Bi-2223 phase. 97%
pure crystals of Pb - containing Bi - 2223 were obtained by a “fused - salt reaction
method” using excess KCl as flux (Chu et al. 1992; Chu and Mc Henry 1997).
Fiber crystals of HTSC compounds may find applications in current-carrying
structures. The laser-heated pedestal growth method was used to grow thin crystalline rods of Bi- HTSC compounds 0.25 to 1mm in diameter (Feigelson et al.
1988; Gazit and Feigelson 1988). With growth rates of 5 mm/hour and feed rods
of 1.2 mm diameter, polycrystalline textured fibers were obtained. For a certain
length of growth the melt composition adjusts to steady-state growth. However, it
would be difficult to achieve single-phase and single-crystalline fibers due to the
narrow thermodynamic stability limits of the HTSC compounds. Whiskers of
lead-doped Bi-2212 could be obtained from a glassy (melt-quenched) plate heated at 840°C for 120 hrs in a stream of oxygen gas; whereas the same treatment of
polycrystalline material did not yield any fibrous crystals (Matsubara et al. 1989).
Single crystals of the superconducting phases of the system Tl-Ba-Ca-Cu-O
would be of special interest, due to the high critical temperatures of several
phases with minor structural differences, for fundamental investigation of the
mechanism of high-temperature superconductivity. According to Paranthaman et
al. (1992) there could be four TlBaCaCuO phases with Tc above 100K. Following
the tentative phase diagram (see above) of Kotani et al. (1989), the peritectic
decomposition temperatures of the TlBaCaCuO phases are very similar, between
893° and 941°C, so that the temperature intervals for growth within the primary
crystallization fields are very small. Thus the growth of large crystals of the pure
Tl-phases is extremely difficult, though not impossible when the scientifically
derived growth conditions are established. Another difficulty is decomposition
of Tl2O3 to the volatile Tl2O and oxygen, so that synthesis and growth should
be performed in sealed ampoules, preferably at elevated pressure. The effect of
the oxygen (partial) pressure on liquidus, peritectic and eutectic temperatures
has to be considered. Another obstacle is the toxicity of volatile Tl compounds,
which require handling in gloveboxes or well-ventilated hoods, with eye and
skin protection, and prevention of inhalation.Yet another problem is connected
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with the layer structure of the Tl-phases which, in conjunction with the narrow
existence ranges of the phases, leads easily to chemical polytypism, so that the
preparation of large single-phase crystals of the various Tl-phases has not been
achieved. The typical procedure of growth of platelets of the Tl-phases of a few
mm lateral dimensions and about 0.1 mm in thickness consists of introducing
the starting materials into a gold tube or gold foil, and bringing this into a
sealed platinum crucible or alumina tube. This arrangement is heated to 930°C
for one to two hours and then step-cooled to 870°C for the growth of Tl-2212,
2201 and 2223 phases (Venturini et al. 1991, Liu et al. 1990, Duan et al. 1992).
Normally, an excess of constituents is used, for instance Tl2O3 + CuO or CaO +
CuO, in order to enhance crystalline perfection. The crystals are then recovered
mechanically and by cleaving from the solidified melt. Further details on Tlphase crystallization can be found in the reviews of Assmus and Schmidbauer
(1993) and of Paranthaman et al. (1992). However, a reliable analysis of the phase
relations and of the primary crystallization field, and its use for an extremely wellcontrolled crystal-growth experiment with control of nucleation, supersaturation
and stable growth rate, has not yet been reported.
After the synthesis of complex HgBa2RCu2O7 compounds (with R = Y or rareearth ions) by Putilin et al. 1991, the highest-known Tc superconductors based
on HgBaCaCuO phases were discovered at Moscow State University (Putilin et
al. 1993 a, 1993 b). In an attempt to reproduce the Hg-based phases (Schilling et
al. 1993) the silica glass ampoule broke, leaving a poly-phase mass containing
about 40 % of superconducting phase with Tc 133.5K. By transmission electron
microscopy they found evidence for Hg-1212 and Hg-1223 phases, and it was
established by Adachi et al. (1993) that the Hg-1223 phase was the compound
with Tc above 130K.
The preparation of single crystals of Hg-based superconductors has been hampered by the low thermodynamic stability of HgO and other Hg-compounds.
Related problems are the high mercury and oxygen pressures, requiring highpressure work in small containers, and the toxicity of Hg vapors, requiring special safety precautions. The size of Hg-HTSC crystals has not yet passed 1 mm:
Hg-1223 (Finger et al. 1994, Colson et al. 1994), Hg-1234 (Schwer et al 1995). By
partial replacement of Hg by Bi, small crystals with Tc up to 131K were synthesized at ambient pressure by Pelloquin et al. (1996 a, b). The Bi2O3 is considered
to act as a solvent.
This section has shown that the difficulty of crystal growth of HTSC compounds increases with the complexity of composition, and with decreasing thermodynamic stability, as indicated with Figs. 11.1 and 11.2. Further problems are
due to the high vapor pressures of Bi-, Tl- and Hg-oxides, the non-availability
of convenient solvents, and the lack of reliable thermodynamic data and phase
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relations. Large crystals of, say, cm3 size could in principle be grown of most of
the HTSC compounds with Tc above 77K. However, this would require a careful
collection of the above data, a theoretical analysis of the necessary crystal growth
conditions based on the fundamental aspects discussed in this book, and a systematic approach to fulfil these conditions. This would include precise control of
the relevant crystal growth parameters.
Another problem in crystal growth of the superconducting phase, which has
been referred to above but not treated in detail, is that of oxidizing the as-grown
tetragonal to the orthorhombic superconducting phase. Oxidation without crack
formation is the limiting factor for achieving large high-quality crystals and LPE
layers of the superconducting orthorhombic phase of YBCO. As stated above,
the tetragonal form of YBCO with oxygen deficiency x around 0.8 has to be oxidized to a value of x in the range from 0.1 to zero. The transformation to the
orthorhombic phase on oxidation and cooling occurs at about 650°C. The splitting of the tetragonal a axis to the orthorhombic a and b axes, together with a
discontinuous change in the c axis, leads to strain which, for small crystals, can
be relieved by twin formation. However with increasing crystal and layer size
and crystallographic perfection, cracking is normally observed as the means of
relieving strain. This problem is enhanced by the extremely slow oxidation kinetics, requiring long anneals, and by significant anisotropy of the oxygen diffusion
found not only in directions parallel and perpendicular to the c axis (by a factor of
~106) , but also within the ab plane (by a factor »102) (Rothman et al 1991). The
oxidation is further hampered by contamination of the crystals, for example by
Al from the alumina crucibles. Solving this problem by systematic experiments
would require excessive time and the destruction of many high-quality crystals
and layers. Therefore an alternative approach is preferable, which still requires extensive data on the temperature dependence and anisotropy of the diffusion, also
on the lattice constants and mechanical properties of YBCO. The problem may
be reduced by changing from the more popular YBCO to NdBCO or LaBCO,
which have similar superconducting properties but smaller orthorhombicities,
i.e. smaller differences between a and b lattice dimensions.
11.6 Prerequisites for Liquid Phase Epitaxy of HTSC
Superconducting tunnel devices, especially for digital applications and SQUIDS,
need homogeneous layers and multilayer structures with very flat surfaces. In
view of the very short coherence lengths of the cuprate superconductors, only
smooth surfaces on structurally “perfect” layers allow the use of planar technology. The very demanding requirements for planar devices include reproducible
etching characteristics and a very small spread in the device characteristics. If
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the layers are very flat and structurally of high perfection, high device yields are
possible.
Major efforts have been made in perhaps a thousand groups worldwide working in physical vapor deposition (sputtering, pulsed laser deposition, molecular
beam epitaxy, etc). In addition, there are several groups working on chemical
vapor deposition, and about 10 groups working in liquid phase epitaxy. So far,
the required surface flatness has not been achieved. The first single crystal YBCO
layers with flatness approaching device requirements were reported by Klemenz
and Scheel (1993) and by Scheel et al (1994). The critical factors determining
perfection and surface morphology will be reviewed here. Nucleation and growth
modes will be described briefly, and the major problems will be outlined.
A more detailed discussion of the control of epitaxial growth modes is given in
Appendix B.
The most important parameter determining nucleation and growth modes is
the chemical potential, usually expressed in terms of the supersaturation , as the
driving force for epitaxial growth. The supersaturation is best expressed as
σ = (n - ne) / ne = ΦΔT / RT2

(11.1)

with n and ne the actual and equilibrium concentration of solute, Φ the molar
heat of solution, ΔT the undercooling, R the gas constant and T the deposition
temperature. For LPE, the Gibbs free energy difference is about 40 +/- 10 kcal/
mole, compared with about 600 kcal/mole for vapor growth. This large difference
leads to growth by macroscopic spirals and step propagation over large distances
in LPE, versus two-dimensional nucleation and spiral islands in vapor growth.
The average lateral distance between steps is correspondingly 0.5-10 μm in LPE,
and 20-50 nm in vapor growth.
The misfit between the YBCO layer and the substrate at the growth temperature also has an important influence on the surface nucleation and growth modes.
Misfit reduces layer-by-layer growth and enhances two-dimensional nucleation
(island formation) and localized step flow. Thus the misfit acts in the same direction as a high supersaturation, and the supersaturation needed for growth
increases with misfit. The effect of misfit on the growth mode is shown by the
trends in Fig. 11.12. Most substrates used in vapor growth have a misfit of at least
0.1%, and some up to 8%, so the layer-by-layer growth mode is excluded. The
critical layer thickness for crack propagation is shown as a function of misfit in
Fig. 11.12. The strain caused by misfit at the growth temperature, and on cooling
due to thermal expansion differences, may be partially or completely relaxed by
the formation of misfit dislocations, by microcracks, or by macroscopic cracking.
The dominant stress relaxation mechanism depends on the elastic strain acco-
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modation, and on the oxidation- and phase transition-induced strain discussed
in the previous section. When the distance between the misorientation steps is
lass than about 19 times the critical nucleus, two-dimensional nucleation can be
suppressed in favor of a very high step density (Lupo et al 1993). All these factors
influence the superconducting properties, especially flux pinning and the critical current density and its field dependence. It is surprising that these materials
engineering problems have received little attention to date.

Fig. 11.12. Effect of substrate misfit on the growth mode, interface structure and crack propagation as
a function of layer thickness (Erbil & Scheel, unpublished).

The mode of growth can be best assessed using morphological studies of the surface of the layers deposited, as discussed in more detail in Section 11.8. The most
powerful methods of surface examination are scanning tunneling microscopy
(STM) or the related atomic force microscopy (AFM), and the Nomarski differential interference contrast optical microscopy (DIM). The origin of macroscopic
growth spirals in crystal growth from high temperature solutions was found to
be screw dislocations, as discussed in Chapter 4. In contrast, the occurrence of
spiral islands in PVD and CVD layers, in concentrations of 3x108 to over 109
per cm2, is not yet clear. The spiral density corresponds to the concentration of
two-dimensional nuclei, so that a model based on coalescence of slightly tilted islands (Scheel 1994; Stowell 1975) is the most likely explanation. Fig. 11.13 shows
small spiral islands typical for vapor growth, compared with typical macroscopic
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growth spirals seen in LPE. The largest inter-step separation, 17 μm, was seen on
layers grown by LPE (Klemenz and Scheel 1993).

Fig. 11.13. Typical spiral structures of (a) vapor-grown and (b) LPE-grown YBCO layers. Scales are
different to correspond to >3x108 islands per cm2 in vapor growth and about 103 per cm2 in LPE-grown
layers (Scheel 1994).

Substrates play a significant role in the epitaxial growth of YBCO and related
compounds. In addition to misfit, misorientation and thermal expansion,
substrates must fulfil other requirements. Chemical and thermal stability, lack
of structural transitions causing twinning (so excluding most perovskites),
application-specific microwave and dielectric properties, mechanical strength,
and affordability and machinability are all significant factors in substrate
selection. Since substrates which meet all these requirements have not yet
been developed, an alternative approach consists of buffer layers on low-cost
substrates such as silicon or sapphire, or on polycrystalline substrates such as
steel. Another alternative is graphoepitaxy, i.e. substrates with artificial surface
structures such as grooves or island depressions (Givargizov et al 1982), or
“structural graphoepitaxy” where the surface has regular corrugations due to
the crystallographic structure, which control the epitaxial orientation of the
superconductors (Miyazawa & Mukaida 1994).
Fig. 11.14 shows some widely used substrates with the temperature dependence of their lattice constants. Also shown are data for YBCO, with the tetragonal-orthorhombic transition. The misfit tolerance at the epitaxial growth temperature is less than 0.1%, and the thermal expansion difference between the
HTSC layer and the substrate should be less than 20%. None of the substrates
in Fig. 11.14 meets these requirements. In fact, the misfit is usually above 1%
so that, in principle, flat surfaces and layer-by-layer growth cannot be expected
(Grabow & Gilmer 1988).
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Fig. 11.14. Lattice constants and thermal expansion of some important substrates, compared with
YBCO. MgO and ZrO2 are off scale.

Klemenz et al (1999) reported the growth of YBCO on (110)NdGaO3 substrates
where the misfit is 0.28%. A supersaturation of 0.03, corresponding to an undercooling of 3K, was found to be required for c-oriented films; higher supersaturations result in a transition to a-axis growth. At lower supersaturations, the driving
force for crystallization is too small to compensate the misfit strain effects, and
there is dissolution of the substrate. The Nd3+ ions from the substrate are then incorporated by deposition of (Y,Nd)BCO. Under these conditions the growth of aaxis material is favored. This was confirmed by earlier work on NdGaO3 substrate
etching and formation of the solid solution layers (Dubs et al 1995 ; Sandiumenge
et al 1994). Table 11.1 compares the misfit at ambient temperature and at 1000°C
for YBCO on (110)NdGaO3, with subscripts L and S used to denote the layer and
substrate respectively; dS is [110]/2, cL is [001]/3, and tan Δγ is the out-of-plane
angular misfit. In epitaxy, the minimum supersaturation for growth increases
with misfit. Therefore, the distance d of misfit dislocations is proportional to the
size of the critical nucleus. For deposition at a supercooling of 3K, ρc=27 nm for
the ac orientation transition of YBCO on NdGaO3, and the average misfit is 1.3%.
Fig.11.15 shows the relation between the radius of the critical nucleus and the
supersturation, and it can be seen that the misfit is approximately equal to the radius of the critical nucleus rs*. For deposition at a supercooling of 3K, rs* = 27 nm
for the ac orientation change. In this case, the misfit approximately cancels the
thermodynamic driving force for 2-dimensional nucleation. Low supersaturation
favors c-oriented nuclei since the lattice match is better. A complete understanding would need calculation of elastic and interfacial energies as a function of geometry, anisotropic strain, and the size of the critical nucleus.
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For an Archimedian spiral, the step separation for monomolecular steps is 4πrs*
or 19rs* (see Appendix B). Thus the achievement of 10 μm step separation, as
required for reproducible Josephson tunnel devices, needs a supersaturation of
<0.17K and a misfit of <0.08%. These conditions are difficult to meet, but LPE
offers a much better chance of meeting these goals than vapor deposition.

Fig. 11.15. Radius of critical nucleus as a function of supersaturation for YBCO on NdGaO3, also
showing corresponding misfit.

Table 11.1 Misfit of observed orientations at 1000 and 25°C for YBCO on NdGaO3.
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Fig. 11.16 shows the corresponding requirements for substrate misorientation,
together with the experimental example. The substrates used in the experiments
described above had misorientations of 0.2 to 0.5°. The supersaturation is, of
course, only valid for the specific system but similar values are expected for comparable HTSC LPE systems. For higher supersaturations, step bunching was observed, and can be avoided in this example only if the substrate misorientation
is extremely small, about 0.02. This is another very challenging requirement for
the achievement of ideal growth conditions. It is not clear what the effects of step
bunching would be, but a height of 3a corresponds to the c lattice parameter so
the film orientation might be affected.
Twinning, due to strain relaxation in connection with structural phase transitions, is also common in perovskites. In LaGaO3, for example, twinning leads to
surface corrugation and reduced critical current density (Miyazawa 1989). Applying uniaxial pressure and passing through the phase transition at 150±1°C
produced single domain substrates 1 cm2 in size. An alternative approach to circumvent twinning is the development of non-perovskite substrates, such as the
K2NiF4 structure (Scheel et al 1991).

Fig. 11.16. Diameter of critical nucleus with corresponding supersaturation for YBCO on NdGaO3,
as a function of substrate misorientation angle. A represents experimental results, B the estimated limit
for thin c-oriented films, and C the requirement for tunnel devices (Klemenz et al 1999).

There is hope that the development of an optimized substrate, combined with
optimized growth and oxidation procedures, will allow single-domain, crack-free
HTSC layers with atomically flat surfaces, but this requires intensive efforts to
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solve the challenging materials engineering problems. In comparison, the measurement of superconducting properties such as critical temperature and critical current, with its field and temperature dependence, has become routine. It is
promising that, in addition to the first groups in Lausanne, Switzerland and Jena,
Germany, more groups have begun work in LPE of HTSC, notably in Japan and
Cambridge, England.

11.7 Effects of Growth Conditions on Growth Modes
In epitaxy three classical growth modes have been defined by Bauer (1958) from
the surface and interfacial free energies: the Stranski-Krastanov (SK) and VolmerWeber (VW) surface nucleation and growth modes and the Frank-van der Merwe (FVM) layer-by-layer growth. In addition to these classical growth modes, it is
necessary to consider additional distinct epitaxial growth modes which can occur
under certain conditions (Scheel and Klemens 1996; Scheel 1997). In physical
vapor deposition (PVD) and chemical vapor deposition (CVD) of HTSC films,
the spiral-island (SI) and screw-island growth mode is observed (Hawley et al
1991, Gerber et al 1991, Lang et al 1992, Nishinaga & Scheel 1996). This mode of
growth occurs during the agglomeration phase of the film following initial VW
or possibly SK growth. During coalescence, dislocations can be easily generated
by accomodation of small translational and rotational displacements between agglomerating islands.
When continuous layer growth occurs in vapor phase epitaxy, after initial
growth in the SK, VW or SI mode, a so-called columnar structure may develop.
This growth mode is typical for HTSC layers grown from the vapor phase unless
a substrate with a large misorientation angle is used. If the angle and direction
of misorientation are precisely adjusted, the misorientation steps allow the suppression of two-dimensional nucleation and so of the VW, SK and SI modes. As
a result, the columnar growth mode can be suppressed or reduced. The resulting
step-flow mode, which is distinct from the FVM mode, allows the attainment of
relatively flat surfaces, but at the cost of high step density. The actual step density
is similar to that in the VW, SK or SI modes, depending on the supersaturation.
In LPE of YBCO, it is possible to achieve the FWM growth mode, with layerby-layer growth over macroscopic distances. The distinct feature of this mode is
that a new layer is an extremely flat surface, if the substrate and growth parameters are within specified limits. Step bunching may occur at higher supersaturation. The ability to obtain very flat surfaces is the most important distinguishing
characteristic of LPE versus vapor growth. A more detailed discussion of epitaxy
is given in Appendix B.
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An additional growth mode is the leading edge growth mechanism (Scheel &
Niedermann 1989) which can occur when leading edges and secondary edges coexist on narrow side faces and act similarly to elongated dendrite tips. Such leading edge sources can result in fast growth, for example of thin, plate-like crystals,
in the same way as the twin-plane re-entrant edge mechanism. This growth mode
was identified by a combination of SEM and STM as the mechanism of formation
of some plate-like YBCO crystals. The leading edge mechanism is expected to
occur at high supersaturation, and therefore not under the conditions necessary
for the growth of smooth LPE layers. However in layers grown at intermediate supersaturations there may be competition between layers originating from screw
dislocations on the surface and those spreading from the edges.
11.8 Surface Characterization of LPE-grown HTSC layers
The complexity of the cuprate superconductors, including multiple oxygen sites
and antisite defects of various kinds, makes the reproducible growth of crystals
and layers a serious challenge. Ten or more growth parameters influence the
properties of the crystalline product, and the majority of these cannot be controlled adequately. Since the exact replication of material properties cannot be
guaranteed, it is important to perform sufficient characterization (in contrast to
no or complete characterization- see Scheel et al 1991) as a check on each batch
of material. Sufficient characterization is defined as analysis of those chemical
and structural aspects that may have an impact on the specific measurement or
application. Such characterization may require extensive effort and collaboration,
but is necessary both for the interpretation of physical measurements and for the
development of HTSC technology, for achieving reproducibilty.
For surface characterization of LPE layers, the most important measurement
techniques are optical interference microscopy, scanning tunnel microscopy
(STM) and atomic force microscopy (AFM). Differential interference optical microscopy (DIM), especially using the Nomarski technique, has become the normal tool for routine characterization of the surface of LPE-grown HTSC layers
with large interstep distances. The technique is described in Chapter 8 together
with some examples of its application to the surface of bulk crystals.
Fig. 11.17 shows the detection limits of the most important microscopy techniques together with observed step heights and interstep spacings for PVD-,
CVD- and LPE-grown layers. Also shown are the inherent limits of PVD processes and the practical limits of LPE interstep distances.
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Fig. 11.17. Vertical and lateral resolution of scanning tunnel microscopy (STM) and differential interference contrast microscopy (DIM), with inherent limit of vapor deposition and practical limit of LPE,
also step distances required for HTSC tunnel device technology (Scheel 1994).

In Fig. 11.18 an AFM image is shown of a macrospiral formed during LPE growth
of a c-axis YBCO film on (110) NdGaO3 (Klemenz 1998). The lattice mismatch
in this case is less than 0.2% at the growth temperature, and the supersaturation
about 3%. This layer contains numerous growth spirals, and has been partly oxidized. Some dislocations with non-elementary step heights were also observed.
Fig.11.18a shows a single-core spiral with steps that are composed of seven
bunched steps. In Fig.11.18b the height scan across these steps is shown. The
interstep distance is about 2.9 μm.

Fig. 11.18. (a) AFM image of a macrospiral grown on a c-axis oriented YBCO layer. Interstep distance is about 2.9 mm. (b) Height scan along the steps shows a step height of 7 YBCO cells of 1.2nm.
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Fig. 11.19 shows data from AFM measurements of a number of spirals to determine the relationship between interstep distance and step height. For the solid
line, the interstep distance increases as the total height increases. Extrapolation
to a single step gives the interstep distance for a single spiral as 0.435 nm, corresponding to a critical nucleus of 0.023 nm. For groups of S dislocations, the interstep distance decreases with S as expected from the BCF theory. The two spirals
labelled A and B in the Figure have m=2, S=6 and m=4, S=3 respectively (with m
the multiplicity), each having a hollow core of about 1 μm diameter.
For the spirals for which measurements were possible, the interstep distance
is given by
y0 = 19 γm a m / εkTσ.

(11.2a)

with the factor e given by
2π r* S / L < ε < S/2

(11.2b)

For the investigated surface, the interstep distance increases as the total height of
bunched steps increases. The measured step density is about 22,500 per cm. The
approximate constancy of the step density over the surface, in spite of variation in
interstep distance, is evidence for diffusion-limited growth.
Hollow cores of various size and shape have been observed in HTSC LPE layers and on layers grown by vapor deposition. The perimeter of cores in LPE appears never to exceed 2μm.

Fig. 11.19. Measured macrostep distances of macrospirals as a function of multiplicity m and number
of turns S originating from the core. For single dislocations, interstep distance increases with m, but for
complex sources it decreases by a factor ε (A and B) (Klemenz 1998).
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11.9. Summary
The discovery of high-Tc superconductivity in 1987 raised the hope for a new era
in technology.
Breakthroughs were envisaged in the fields of energy, in the form of electric
current transport and storage, current limiters and fusion, transport (trains and
ships), detectors for medicine and biology, and in fast electronic switching. However, over a decade after the discovery, the extremely complex materials engineering problems have been relatively neglected. Despite the initially enormous
efforts and support from industry and governments, HTSC has found only minor
niche applications so far. Instead of a new era and revolution based on HTSC,
this phenomenon remains largely a physical curiosity. In this chapter an attempt
has been made to review some of the major difficulties of crystal growth and
epitaxy of HTSC compounds. Their thermodynamic stability limits narrow the
experimental parameter ranges available to the crystal grower to such an extent that preparation of high-quality crystals and layers still is not impossible,
but requires detailed knowledge and skill in crystal growth and epitaxy technology. Also it is clear that sufficient control of the growth process is possible only
in crystal growth from high-temperature solutions and in liquid phase epitaxy:
only very near to thermodynamic equilibrium can compact epitaxial layers with
the required flat surfaces be expected, with minimum bulk defects for maximum
percolation of superconducting current. In contrast, large numbers of localized
defects are required as pinning centers for the superconducting vortices in order
to achieve higher current densities, much higher than those achieved to date,
which correspond to about 1% of the theoretical value. The achievement of such
local defects is a challenging topic which could not be discussed here.
The fabrication of HTSC crystals and epitaxial layers involves numerous
growth parameters, a few of which have been discussed in this chapter and
throughout the book. Several of these parameters cannot be controlled with sufficient precision at this time so that the growth processes are not reproducible.
Therefore, each crystal, each layer, even from the same laboratory, is different: no
two crystals are alike. From this it is clear that physical measurements on crystals
and layers characterized only by their origin (laboratory or crystal grower, Stupp
and Ginsberg 1992) are of marginal value.
The narrow thermodynamic stability limits of the HTSC compounds, the different chemical bonds within the sensitive structures, and the complex composition on the one hand, and the difficulty of appropriate control of the growth
parameters on the other hand, lead to a high probability of growth defects. Besides the chemical polytypism mentioned above, there are frequently inclusions
of other phases like non-dissolved constituent oxides, reaction products from
crucible corrosion, neighbour phases from the phase diagram, or solidified sol-
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vent due to growth instability. Furthermore, stacking faults, grain boundaries,
antiphase boundaries, and twins are often observed as are edge and screw dislocations. Other differences of HTSC crystals and layers may be due to different site
occupancies (e.g. NdBa replacement), due to the oxygen content and distribution
or oxygen ordering effects, and due to all kinds of point defects including impurities substituting for the constituent HTSC cations. This large variety of defects
will not be observed in all crystals and layers as one would expect systematic
relationships of defect formation with the growth method and with the growth
conditions which, however, have not been investigated so far.
Many of the listed defects will have an impact on the superconducting properties. Therefore, for serious physical measurements the characterization of all those
chemical and structural defects is required which have or may have an influence
on the specific physical measurement or application. This minimum requirement
is defined as “sufficient characterization” (Scheel et al. 1991), in contrast to complete characterization describing all deviations from the ideal crystal. For real
progress in understanding the phenomenon of high-temperature superconductivity it is necessary that solid-state chemists, crystallographers and physicists together analyze and predict the role of individual defects so that rules of sufficient
characterization for specific physical HTSC measurements can be established.
This will also help to develop and optimize growth processes for crystals and layers which are suitable for physical investigations and for applications of HTSC.
It is hoped that after the initial hectic decade plus in studying the physics of
HTSC, there will be a serious focus on progress in understanding the materials
problems of these interesting materials, as an essential for realizing their great
potential for important applications.
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Appendix A
Growth of striation-free crystals (see also sections 7.1.3 and 9.2.4)
Striations, or growth bands, have long been regarded as an intrinsic or unavoidable problem of crystal growth. Some otherwise promising materials could not be
developed for non-linear optic or electro-optic applications (Scheel and Guenter
1985) or as substrates for optoelectronic devices based on III-V semiconductors
(Nakajima 1992) because of the problems of eliminating striations. Numerous
other applications of solid solutions could be listed where the lack of homogeneity has hindered their usefulness.
Striations are defined as growth-induced inhomogeneities in the crystal which
are aligned along the growth surface, or in the case of faceted growth are related
to the traces of macrosteps. These often periodic inhomogeneities are caused by
growth rates which fluctuate with time or by lateral growth rate differences along
the growth interface, as shown in Fig. A.1.

Fig. A1. (a) Striations due to growth rate fluctuations in the growth direction. (b) Striations due to
fluctuations in macrostep flow across the growth surface.

The striations due to lateral growth-rate differences can be eliminated in the majority of cases by control of the interface shape, either by adjusting a continuous
curvature or by a flat interface achieved by a transition to faceting (see Scheel
1980 and Chernov and Scheel 1995). The key is to prevent macrostep formation
and lateral growth rate differences.

appendix a
A third cause of striations was described by Landau (1958), who showed that for
conditions close to the maximum stable growth rate, an oscillation of the growth
rate may occur by alternating build-up and capture of impurities at the interface.
This leads to inclusion bands or to striations parallel to the growth interface.
Here we suggest that the term “striation-free” be used for crystals in which periodic inhomogeneities cannot be detected by analytical techniques, and in which
any residual trace inhomogeneities are not harmful for the specific application.
Absolutely striation-free crystals may be difficult to achieve and verify.
In this Appendix we discuss the origin of “thermal striations” due to temporal
growth rate fluctuations, and their relation to the temperature distribution and
hydrodynamic conditions within the growth system. The critical parameters in
designing growth processes for striation-free crystals will be discussed and demonstrated with respect toKTa1-xNbxO3 (KTN) solid solutions.
The concentrations of the components of a solid solution generally differ from
those of the liquid from which they are grown, a phenomenon known as segregation. In equilibrium or at very slow growth rates the ratio of the concentration of
a component A in the solid to that in the liquid is defined as the equilibrium (or
phase diagram) segregation coefficient k0. Thus
k0(A) = ns (A) / nL (A)

(A1)

where the n’s are concentrations of A in the solid and liquid phase respectively.
Under practical growth conditions segregation is described by an effective segregation coefficient
keff = k0 / [k0 + (1 – k0)exp – (vδ / D)]

(A2)

with the growth rate v, diffusion boundary layer thickness δ, and D the diffusion
coefficient. This approximation was derived by Burton, Prim and Slichter (1953)
for the case of Cochran (or Ekman) flow towards a crystallizing rotating disc for
the case where the growth process is dominated by a diffusion boundary layer.
For growth of mixed crystals from dilute solutions, van Erk (1982) has derived
the effective segregation coefficient for diffusion-limited growth by
ln keff = ln k0 - ( keff - 1 ) ( vδ / D).

(A3)

Plotted solutions using eqs. A2 and A3 are similar, but the sensitivity to fluctuations in the growth parameters is different (Scheel and Swendsen 2001).

crystal growth from high temperature solutions
Growth from solution is normally limited by volume diffusion, and the relatively
fast interface kinetics can be neglected. Following the diffusion boundary layer
concept of Nernst (1904), the growth rate can be expressed by
v = D ( n - ne )/ρc δ.

(A4)

Here n and ne are the equilibrium and effective bulk concentrations of the solute
in the solution, and the solute has the density ρc. The time constant for the effects
of temperature fluctuations (and those of ne and v) is on the order of seconds,
while that for the effect of hydrodynamic fluctuations on δ and v is on the order
of minutes. In steady-state crystal growth, within a given time and temperature
range, D and k0 in eqs. A2 and A3 change only slowly, and can be taken to be constants. Therefore changes in the effective segregation coefficient keff are essentially
determined by the product (vδ). This product is approximately constant due to
the inverse relation between v and δ of eq. A4. This means that hydrodynamic
changes which lead to changes in δ are compensated by growth rate changes. On
the other hand, growth rate changes caused by temperature changes are not compensated, and so lead to changes in keff and to striations.
For the growth of homogeneous crystals free from striations, it follows from
the above discussion that temperature gradients should be minimized (less than
about 1 degree/cm) and temperature fluctuations suppressed to less than about
0.01°C. These requirements must be reconciled with the requirement that the
growing crystal must be cooled in order to control nucleation and to remove the
latent heat due to the desirable high growth rates.
The application of forced convection is recommended for efficient crystal
growth. Stirring may be achieved by continuous flow along the growth surface,
by Ekman flow towards the rotating growth surface, by periodic changes as in reciprocating stirring in growth from aqueous solutions, or by accelerated crucible
rotation as stressed in various chapters of this book. Forced convection within a
specific range of Reynolds numbers assists with homogenization of the solution
with respect to temperature and concentration. Stirring is also beneficial in reducing the thickness of the diffusion boundary layer and so increasing the maximum stable growth rate, as discussed in Ch. 6. It may also be noted that periodic
hydrodynamic fluctuations, as in ACRT in the presence of large temperature gradients can be utilized to induce regular striations, forming a superlattice which
may be suitable for specific applications. Reduced convection and convection-free
growth systems have been proposed as a remedy against striations, but should be
applied only if large temperature gradients cannot be avoided.
The occurrence of striations was for long regarded as an unavoidable or “intrinsic” problem of crystal growth, as expressed for example by Byer (1974), Räu-
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ber (1978) and Reiche et al (1980). The foregoing discussion has shown that the
striation problem can be solved in principle if temperature fluctuations at the
growth interface are minimized, and preferably when forced convection is applied. This will be demonstrated with a practical example.
The solid solution system KTa1-xNbxO3 (KTN) is of interest on account of its
very large electro-optic coefficient which can be optimized for specific application temperatures by the choice of x. The composition with x=0.35 is used for
room temperature applications, because the ferroelectric transition temperature
is then 10°C and the very large dielectric constant and electro-optic coefficient
are observed just above this transition. However the inhomogeneity in refractive
index should be less than 10-6 for optical applications, requiring that the crystals
be striation-free to this level. From the phase diagram KTaO3-KNbO3 (Reisman

Fig. A.2. Phase diagram for KTaO3-KNbO3 (after Reisman et al 1955).

et al 1955) shown in Fig. A.2, the temperature fluctuations at the growth interface should be less than 0.01°C. This condition cannot be achieved in growth
by gradient transport combined with top-seeding (TSSG- see Ch. 7) which was
the most popular method reported in the review of Rytz and Scheel (1982). In
this technique the solute material is dissolved in the hotter zone of the solution
and transported by free convection to a cooler zone where the growing crystal is
located. This method allows a constant concentration to be achieved, but always
with striations caused by temperature fluctuations as shown in the example of
Fig. 7.23.
A simple approach to minimize temperature fluctuations at the growth interface, by a homogenized and nearly isothermal solution, is the slow-cooling tech-
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nique. This results in an inherent concentration gradient within the crystal, with
a higher Ta concentration at the onset of growth, slowly reducing as growth proceeds, following the solidus line of Fig. A.2. However this inherent variation can
be reduced by the use of a solution volume which is large compared with that of
the crystal. Fig. A.3 shows a nomogram derived by Rytz and Scheel (1982) which
gives the relationship between the inhomogeneity x1 – x2 of a crystal and the solution volume V, solution mass M, and the cooling interval T1 – T2 for KTN in the
concentration range 0x0.04. For example, with M=1000 kg (requiring a platinum
crucible of 300 to 500 cm3) and T1 – T2 = 20°C, the crystal grown is of 1.6 cm3 in
size and has inhomogeneity Δx = 0.033. For KTN crystals with x=0.35, the mass
of melt must be doubled because of the smaller slope of the solidus line.
The first experiments to grow striation-free crystals of KTN solid solutions
were reported by Rytz and Scheel (1982) and by Scheel and Sommerauer (1983).
A Pt-6%Rh vs. Pt-30%Rh thermopile (see Section 7.2.2) allowed temperature
control with a precision of 0.03°C at temperatures around 1300°C. Nucleation
control was achieved by localized cooling and the solution was stirred by the
accelerated crucible rotation technique described in Section 7.2.7. KTN crystals

Fig. A.3. Nomogram for estimation of inhomogeneity in KTN crystals grown by slow cooling (Rytz
and Scheel 1982).

with x ≈ 0.26 and up to 33x33x15 mm3 in size, weighing 131g, were grown under
optimized conditions by slow cooling (KTN3- see Fig. A.4) and by slow cooling with minimized thermal gradient (F 556 AII). The first crystal showed faint
striations in crossed polarizers and a small, statistically significant variation in Nb
and Ta concentration as measured by electron microprobe. The crystal grown by
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slow cooling under optimized conditions had no striations visible in a polarizing
microscope, although very faint striations could be revealed using very sensitive
methods (Scheel and Guenter 1985).

Fig. A.4. Electron microprobe analyses of KTN crystals with x=0.26 grown by slow cooling in a small
temperature gradient (sample KTN3) and by slow cooling in a minimized thermal gradient (sample F
556 AII) (Scheel and Sommerauer 1983).

In growth of solid-solution crystals from solutions exists an additional degree of
freedom, since the effective distribution coefficient is dependent on the solvent
and the solute-solvent interactions. Different solvents may have distribution coefficients k<1 and k>1, so that by proper mixing a composite solvent with k=1 may
be found. In the growth of oxide solid solutions of garnet and perovskite structure, homogeneous and striation-free crystals could be obtained by this solventmixing approach (Scheel and Swendsen 2001).
Striations can no longer be considered an intrinsic problem of crystal growth,
since the methods described above allow their elimination. For growth of homogeneous crystals of doped materials and solid solutions it is recommended to
analyze the specific case theoretically and then to try to establish the appropriate experimental conditions. This approach should permit, for example, the economic growth of other solid solution crystals for optical applications and of III-V
mixed crystal substrates for optoelectronics..
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Appendix B
Epitaxy and the importance of LPE
In epitaxial growth the mode of nucleation and crystallization is strongly dependent on the bonding between the substrate and the deposited film. Bauer (1958)
defined three modes of growth depending upon the surface and interfacial free
energies: the Frank-van der Merwe (FVM) layer-by-layer growth, Volmer-Weber (VW) island growth, and the Stranski-Krastanov (SK) growth mode. In the
FVM mode, a new layer is nucleated after the completion of the previous layer.
Screw dislocations often act as the nucleation sites for steps, which are typically
more than 0.1 μm apart and propagate over macroscopic distances. This mode
of growth results in the flattest, most perfect surfaces and is only possible at relatively low supersaturation and either in homoepitaxy, or in heteroepitaxy if there
is a good match between the film and the substrate. At high supersaturation, step
bunching occurs and the regime is best considered as a departure from the FVM
mode.
In the VW growth mode, two-dimensional nucleation occurs over the surface,
creating islands of growth which grow laterally and normal to the surface to coalesce into the film. This mode is sometimes referred to as the birth and spread
growth mode. In this mode, nucleation of a new island occurs before growth of
the previous layer is completed. The SK mode is intermediate between the FVM
and VW modes, and is characterized by the nucleation of islands after an initial
growth of one or two compact layers, with later coalescence into a continuous
film.
More recently a mode of epitaxial growth was recognized in which the nucleation occurs in the VW or SK mode, but dislocations are readily generated by the
accommodation of small translational or rotational displacements as adjacent islands agglomerate (Scheel 2003&2004). This is referred to as the Screw-island or
Spiral-island (SI) growth mode. If the distance between two-dimensional (2D)
nuclei is about 500 Angstroms, the density of nuclei is on the order of 5x1010/cm2.
A dislocation density of this order of magnitude is often observed in growth from
the vapor phase, so this mode of growth is quite common in PVD (physical vapor
deposition) and CVD (chemical vapor deposition) especially of heteroepitaxial
films of layer compounds like the high-temperature superconductors.
In continuous layer growth by vapor phase epitaxy, the initial growth of a thin
layer by the SK, VW or SI growth mode may be followed by the development of
columnar structures. The columnar growth (CG) mode may eventually reduce
the number of grain- or subgrain boundaries by a coarsening effect. However,
the resulting mosaic structure is associated with crystal defects and may result
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in an inhomogeneous incorporation of dopants and inferior electrical or optical
performance of devices fabricated from such films. The most extreme examples
of columnar growth may be observed in electrodeposition at very high current
densities (and therefore effective supersaturations). The term botryoidal, meaning looking like a bunch of grapes, is used to describe unstable columnar growth.
In recent years there has been increasing use of substrates with a deliberate
misorientation with respect to the crystallographic plane. If the angle and direction of the misorientation are carefully selected, two-dimensional nucleation can
be suppressed or at least reduced and the VW, SK, SI or CG modes can be suppressed. The resulting step-flow (SF) mode allows the preparation of relatively
flat surfaces, but at the cost of high step densities. The interstep distance is similar
to that in the VW, SK or SI modes and depends on the actual supersaturation.
The surface in the SF mode can be regarded as a relatively rough surface which is
sensitive to local variations, leading to undulating variations in thickness. Rejection of impurities is not very effective.
Step-bunching (SB) is observed when a high density of steps moves with
relatively high speed over the surface. Fluctuations lead to the later-grown steps
catching up with the earlier layers to move together as macrosteps. Macrostep
formation is a very common feature of crystal growth and can be described by the
Lighthill-Whitham (1955) traffic flow theory as discussed in Chapter 4. At low
supersaturation, step bunching can be suppressed by the transition to faceting, as
shown by Scheel (1980) and by Chernov and Scheel (1995).
Growth on kinked surfaces (KS) is applied in LPE of rare-earth garnets for
magneto-optic applications onto (111) substrate surfaces.
Seven modes of epitaxial growth have been discussed in some detail by Scheel
(1997), along with original references to these various growth modes.The additional growth mode on kinked surfaces (KS mode) was added in a later review of
Scheel (2007). The in total eight growthmodes – FVM, VW, SK, CG, SI, SF, SB and
KS are shown for three successive stages of growth in Fig. B.1.
From the viewpoint of crystal growth, the important question is how the mode
of growth may be controlled. Especially it is desirable to establish conditions for
FVM growth, since this results in epitaxial layers with the highest crystallographic quality. In film deposition by PVD or CVD, the effective supersaturation σ is
high, and two-dimensional nucleation occurs with the critical radius of surface
nuclei given by
rs* = γm VM / a2 RT σ

(B1)

where γm is the energy per growth unit, VM the molar volume and a the lattice
constant. At medium and low supersaturation, the propagation of growth steps
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Fig. B.1.Eight modes of epitaxial growth, shown at three successive stages in each case
(Scheel 1997, 2007).
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may be observed. The distance between steps is equal to
yo = 19 rs* .

(B2)

In the presence of screw dislocations which lead to growth spirals, the BCF theory predicts an Archimedian spiral with step distance of 4π rs*. As an example
of interstep distance, Scheel (1980) reported a measurement of 6 μm for LPEgrown gallium arsenide. Interstep distances of only 50 nm are typical for MBE
and MOCVD of this material.
The strategy to control the mode of epitaxial growth is shown in Fig. B.2,
where the size of the critical surface nuclei and the interstep distance are plotted
against the supersaturation. Typical supersaturation ranges for the various methods of epitaxial growth are also shown, together with the characteristic mode of
growth. In MOCVD and MBE the supersaturation is relatively high, with the
consequence that growth occurs by two-dimensional nucleation in the VW, SK
or SI modes. The density of solid gallium arsenide is 5.3 g/cm3, but its density in
the vapor phase during MOCVD is typically 0.0065 g/cm3, three orders of magnitude lower. The supersaturation, the driving force for deposition, is governed
by this ratio. Since the majority of structural defects occur when growth islands
coalesce, high structural perfection and excellent surface flatness are not possible
when the supersaturation is high. In contrast, the concentration of the species to
be deposited by LPE is typically around 10%, corresponding to the solubility in
the liquid phase.

Fig. B.2. Influence of supersaturation on radius rs* of critical surface nuclei and on interstep distance
y0. Typical growth modes for the different methods of epitaxial growth are also shown.

By far the best structural perfection, and surfaces that approach atomic flatness,
can be achieved in the FVM growth mode which requires very low supersatura-
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tion. This FVM mode can only be achieved by a near-equilibrium growth process such as LPE. The complexity of LPE using high-temperature solvents in a
multi-parameter process is such that proper process control is often not achieved,
so that films of high quality are not produced. This failure in much early LPE
work to realize the full potential of this method has led to a tendency to associate
LPE with poor structural perfection, as exemplified by the meniscus lines in LPE
growth of gallium arsenide. However, when care is taken in substrate preparation,
process atmosphere and growth conditions, quasi-atomically flat surfaces can be
produced. An example of extremely flat surfaces produced by LPE was reported
by Scheel, Binnig and Rohrer (1982). This was the first investigation of an epitaxial surface by the then original method of scanning tunneling microscopy, for
which the two latter authors were awarded the Nobel physics prize.
Much of the above discussion has been concerned with homoepitaxial growth,
and the role of misfit between the film and substrate has not been addressed. Frequently, as in the case of gallium nitride films, deposition is onto substrates with
large mismatch in lattice constant and thermal expansion coefficient, and these
factors clearly affect the quality of the film deposited. Misfit normally induces
the VW mode, except for large interface energies between substrate and deposit
which will cause the SK mode. Grabow and Gilmer (1988) have shown that the
pure layer-by-layer (FVM) mode requires close to zero misfit. Experimentally it
is found that epitaxial deposition can be achieved at the high supersaturations
of VPE even at large misfit. In LPE, the necessary supersaturation for epitaxial
growth increases with the misfit, so that step bunching or even 2D nucleation
may be observed due to this high supersaturation. The high structural perfection
possible with the FVM mode can therefore only be realized if the misfit is small.
The relationship between supersaturation, misfit and growth modes is illustrated
in Fig. B.3, which also shows the regimes of the major growth techniques.
Well-controlled LPE processing to produce extremely flat epitaxial surfaces is
likely to become of great importance as the need for high structural perfection becomes more widely recognized. As an example of what can be achieved, red lightemitting diodes of great brilliance (15 Cd) and clear green LEDs were reported by
Nishizawa and Suto (1994) and are manufactured by the Stanley Corp. in Tokyo.
If the efficiency of LEDs could be further improved, and lifetime increased by
the reduction in structural defects, we could envision a trend to replace the inefficient light sources such as traffic signals by solid state LEDs. Incandescent and
fluorescent lamps could be replaced by UV-diodes based on GaN, combined with
a phosphor, to form white LEDs for general illumination. This would result in
major energy savings and contribute to alleviating the global warming problem.
Numerous devices based on III-V compounds, also the most efficient infra-red
detectors, are already fabricated on films deposited by LPE. Ultra-high speed

crystal growth from high temperature solutions
electronic devices using the high-temperature superconductors require extremely well-defined, thin layers for functional structures based on electron tunneling.
Quantum well and quantum dot structures could be fabricated in improved quality using LPE. Solar cells with efficiencies of 25-35% will be necessary at some

Fig. B.3. Occurrence of the seven epitaxial growth modes as a function of supersaturation and misfit.
The high supersaturation of physical vapor deposition (PVD) and chemical vapor deposition (CVD)
normally excludes the FVM mode except for rare cases like silicon where high growth temperatures and
homoepitaxy are possible.

point in our history as non-renewable energy reserves become depleted. The
technology base to fabricate such devices is known, but major cost savings will
be necessary, by the use of LPE on a large scale to manufacture devices for mass
production of high-efficiency photovoltaic panels. Silicon carbide is an emerging
material for electronic devices capable of operation at high temperatures; LPE has
the demonstrated capability to heal micropipe defects which are formed in SiC
substrate wafers and have a detrimental effect on devices fabricated in epitaxial
layers deposited from the vapor phase. These few examples will no doubt be fol-
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lowed by several others but serve to illustrate a need for intensive development so
that this important technology of LPE can achieve its true potential. This requires
the education of crystal/epitaxy technologists (Scheel 2003&2004).
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