
���������������	�
�	��

�����
���������������������	���������	�������
�
��
���
���
�������������	�������	��������������������������
�
�����
�����
�������
�	�������
�
�������
�
�����
�
������
�������	������������

���������������	���
�����
���


���������������
����
�����
�������	�������������
���������������
�
��

�������	��������������������������
� �!�!�"

���������������������	��������
�����������#�$�$�������%���	���$�����������#�$�$�������%���	���$�&�!�%�'�"� �"�$�����������
���!�!�(�!�'�(�)� �*

�����������
�������	���������
����
�+�
���,�������	���������������-���
���,���������	�����
�����.�������/���	������������

�������������
�������0�
���������
���	�
���������
���������
�������
���������������
�������0�
�����
�������	�����������������������1���	���������2�������
�	�������,�����������������
�%
�3���	�������	�������
�����	���
�������
�����������
�����������
�����������������������	�������������������%

https://doi.org/https://doi.org/10.3929/ethz-a-006036824
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


DISS. ETH NO. 18707

Syntheses, Structures and Magnetic Properties of Mixed Alkaline

Earth and Lanthanide Tetrelides

A dissertation submitted to

ETH ZURICH

for the degree of

Doctor of Sciences

presented by

Elizabeth Diane Stalder

MChem (Hons), Durham University

25.06.1981

British citizen

accepted on the recommendation of

Prof. Dr. R. Nesper, examiner

Prof. Dr. D G•unther, co-examiner

2009





Abstract

The focus of this report is on the synthesis, structural characterization and

determination of the magnetic properties of binary and ternary compounds

consisting of earth alkaline metals and/or rare earth metals together with

either silicon or tin or both together. The main part covers the Ca/Ce/Si,

Sr/Si/Sn, Ba/Si/Sn and Eu/Si/Sn systems. In addition, metal monosilicides

are synthesized and investigated with respect to their magnetic properties.

In the calcium-cerium-silicon system, new ternary compounds in the

CaxCe5-xSi4 system were synthesized and structurally characterized. Those

of intermediate calcium content crystallize in the Sm5Ge4 structure type with

silicon dumbbells. In this series, mixed occupancy of the Ca/Ce site is ex-

hibited. In addition to these, CaCe2Si2 was also successfully synthesized and

characterized. Contrary to the CaxCe5-xSi4 system, there are distinct regions

in the structure, a calcium silicide layer sandwiches a purely cerium layer

and no mixed occupancy is seen.

Two new compounds were found in the strontium-silicon-tin system,

Sr2SiSn and Sr20Si5Sn7. Sr2SiSn is isostructural to both SrSi and SrSn, with

both of the tetrel atoms occupying the same position in a 1:1 ratio. Sr20Si5Sn7

shows structural similarities to the isostructural Sr5Si3 and Sr5Sn3 and can

be described as belonging to the Sr5SixSn3-x system.

A new Zintl phase, Ba8Si6Sn, was synthesized from the elements. In-
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terestingly, the structure contains two distinct regions in which two di�erent

anions are found, exhibiting a counter-intuitive charge distribution. Triangu-

lar Si6 {
3 units are found in the barium silicide part of the structure and Sn4 {

anions are found in the barium stannide part of the structure. It is related

to the previously reported Ba8Si6Br4 structure. In the case of strontium and

europium, no analogous structure was found.

In the europium-tin-silicon system, the compound Eu3OSn0.75Si0.25 was

synthesized and structurally characterized. The structure can be derived

from the inverse perovskite Eu3SnO, with a mixed occupancy of silicon and

tin on the tin site. Magnetic measurements are consistent with the presence

of Eu(II) ions.

The �nal part of this work concerns the magnetic properties of earth

alkaline silicides and similar compounds. Propelled by unusual results of

routine measurements of BaSi, high purity crystals of other monosilicides

were synthesized and magnetically analysed. Stepwise transitions are seen in

the temperature loops and hysteresis is seen in the �eld loops of some samples.

Elemental analysis results show that any magnetic impurities are present in

such low concentrations that their potential e�ects can be discounted.



Zusammenfassung

Der Schwerpunkt dieser Arbeit liegt in der Synthese, Strukturaufkl•arung

und Bestimmung der magnetischen Eigenschaften bin•arer und tern•arer

Verbindungen von Erdalkalimetallen und/oder Metallen der Seltenen Er-

den in Verbindung mit Silicium und/oder Zinn. Es wurden vor allem die

Systeme Ca/Ce/Si, Sr/Si/Sn, sowie Ba/Si/Sn und Eu/Si/Sn bestimmt. Zu-

dem wurden Metallsilicide synthetisiert und in Bezug auf ihre magnetischen

Eigenschaften untersucht.

Im System Ca/Ce/Si wurde eine neue tern•are Verbindung synthetisiert:

CaxCe5-xSi4. Die Struktur der Verbindung konnte aufgekl•art werden. Bei

mittlerem Ca-Gehalt kristallisiert die Verbindung im Sm5Ge4 Strukturtyp

und enth•alt Siliciumhanteln. Diese Serie zeigt eine gemischte Besetzung der

Ca/Ce-Positionen. Zudem wurde auch CaCe2Si2 erfolgreich synthetisiert

und charakterisiert. Entgegen dem CaxCe5-xSi4-System, gibt es deutliche

Lokalit•aten in der Struktur: zwei Caliumsilicid-Schichten umfassen eine reine

Cerschicht; es wird keine gemischte Besetzung beobachtet.

Zwei neue Verbindungen wurden im System Sr/Si/Sn gefunden: Sr2SiSn

und Sr20Si5Sn7. Sr2SiSn weist die gleiche Struktur wie SrSi und SrSn auf. Die

Tetrelelemente besetzen die gleichen Positionen im Verh•altnis 1:1. Sr20Si5Sn7

zeigt strukturelle •Ahnlichkeit mit den isostrukturellen Sr5Si3 und Sr5Sn3-

Verbindungen und kann als dem Sr5SixSn3-x-System angeh•orend beschrieben

iii
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werden.

Es gelang, eine neue Zintl-Phase - Ba8Si6Sn - zu synthetisieren. In-

teressanterweise enth•alt die Struktur zwei deutliche Regionen, in der zwei

verschiedene Anionen positioniert sind, welche eine nicht zu erwartende

Ladungsverteilung aufweisen. Dreiecksf•ormige Si6 {
3 - Einheiten wurden im

Bariumsilicidteil der Struktur gefunden und Sn{
4 Anionen im Bariumstan-

nidteil. Im Fall von Sr und Eu wurden keine vergleichbaren Verteilungen

nachgewiesen.

Im System Eu/Si/Sn wurde die Verbindung Eu3OSn0.75Si0.25 synthetisiert

und die Struktur aufgekl•art. Sie kann aus inversen Perovskit (Eu3SnO)

abgeleitet werden und zeigt ebenfalls eine gemischte Besetzung von Si und

Sn auf der Sn-Position. Magnetische Messungen stimmen mit der Pr•asenz

von Eu(II)Ionen •uberein.

Der letzte Teil der Arbeit untersucht die magnetischen Eigenschaften

von Erdalkalisiliciden und •ahnlichen Verbindungen. Angespornt vom

ungew•ohnlichen Resultat aus Routinemessungen von BaSi, wurden hochreine

Kristalle anderer Monosilicide synthetisiert und magnetisch untersucht. Es

wurden schrittweise •Uberg•ange in den Temperatur-Schleifen festgestellt

und Hystere wurde in den Feldschleifen einiger Proben beobachtet. Die

Elementaranalyse belegt, dass die Ursache hier f•ur nicht in magnetischen

Unreinheiten zu suchen ist.
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Chapter 1

Introduction

1.1 Intermetallic compounds

Distinguishing between metals and non-metals is one of the �rst things that

pupils learn in chemistry. A metal is shiny, non-metals are dull; a metal has a

high density, a non-metal, low; a metal is a good conductor of heat and elec-

tricity, a non-metal, poor; a metal is ductile, a non-metal is brittle. Metals

combined with non-metals form hard, non-volatile, ionic solids. Non-metals

combined with non-metals form volatile molecular compounds. Metals com-

bined with metals form alloys with standard metallic properties. However,

in reality, things are not so clear-cut. Around the boundary between metal-

lic and non-metallic elements, beginning in Group 13 of the Periodic Table,

things become a little blurry. These elements have properties which make

it di�cult to classify them as either metals or non-metals and are assigned

their own category, the metalloids.

Boron, silicon, germanium, arsenic, antimony, tellurium and polonium all

fall into this group (shown in blue in �gure 1.3). They are semiconductors

and their oxides are amphoteric. But again, this distinction is not clear-cut.

1



2 Introduction

Some elements adjacent to these metalloids have di�erent allotropes and

these have di�erent properties than the generally accepted ones. The most

obvious example of such an element is carbon; diamond, with its covalent

lattice is non-metallic but graphite conducts and this is characteristic of a

metalloid, not a non-metal. Also, allotropes of tin and phosphorus, selenium

and bismuth show metalloid behaviour.

Consequently, the bonding found in compounds made from these elements

does not fall into the standard categories but, rather, is a mix.Zintl Phases

are a class of compounds with bonding intermediate between that of a metal

and that of an ionic compound. A depiction of the relation between the

di�erent classi�cations of compounds can be seen in �gure 1.1. At the border

between Zintl phases and intermetallic phases are compounds which appear

to be Zintl phases, yet their structure cannot be described entirely by the

8-N rule or the Zintl Concept.

Alloys are formed when two or more metallic elements are mixed whilst

molten and then cooled to form a solid which also exhibits metallic prop-

erties. Such alloys can be divided into two classes, those which are homo-

geneous solid solutions and those which have a de�nite composition and

internal structure. Those in this second class are calledIntermetallic Com-

poundsand have a clear structure, usually unrelated to that of the individual

metals. Intermetallic compounds contain two metals of similar electroneg-

ativity e.g. CuZn. A compound formed from a metal with a much higher

electronegativity than the second metal is de�ned as a Zintl phase e.g. KGe.

A comparison of these di�erent types of structure can be seen in �gure 1.2.

In 1985, Pearson published a classi�cation of the crystal structures of

intermetallic phases [4]:

1. Geometrical Packing. Compounds exhibit dense packing and the vol-
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Figure 1.1 { Relations between classes of chemical compounds through the

comparison of structural elements, electronic properties, and electron-counting

rules. Note the exchange of anion and cation structures between the electron-

de�cient compounds and the cluster compounds [1].

ume of the unit cell is less than the sum of the elemental atomic volumes

of the atoms in the cell. Accordingly, interatomic distances are closer

than those expected from the number of valence electrons available.

2. Band structure energy is a large part of the total energy.

3. Valency Compounds. These compounds abide by the valence rules and

are more generally termed Zintl phases.

4. Framework Structures. In these structures, all of the atoms form a
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(a) (b)

Figure 1.2 { Crystal structure of a) the intermetallic CuZn [2] and b) the

Zintl Phase KGe [3].

framework. The distances within the framework are consistent with

the number of valence electrons provided by the atoms forming the

network. However, overall the phase does not comply with either the

valence rules or the valence electron concentration rules.

5. Hybrid framework structures with geometrical packing. Some of the

atoms in the phase form a framework in which interatomic distances

correlate to the number of available valence electrons. Within the

framework, there are large holes, which contain the remaining atoms

of the structure.

1.2 Zintl Phases

Between 1929 and 1931, Eduard Zintl proved the existence of the forma-

tion of polyanions of elements in groups 14-17 in liquid ammonia [5]. This

remarkable discovery showed the existence of anions consisting entirely of
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elements other than those in Groups 16 and 17 of the Periodic Table, namely

those from Group 14 (i.e metalloids). This discovery has opened up a whole

new branch of chemistry; one that, after his death in 1941, became named

after him. Such compounds typically form when metametals/metalloids are

reacted with metals and are known as Zintl phases [6]. A key point of Zintl's

argumentation towards a charge transfer from cation to anion was the clear-

cut volume reduction which one �nds on formation of most Zintl compounds.

The Zintl border is a demarcation of the periodic table (shown as a red line in

�g. 1.3) separating the Group 13 elements and their tendency to form alloys

and the group 14 elements with their tendency to form salt-like structures

containing polyanions on reaction with alkali and alkaline earth metals.

However, Klemm points out that some compounds to the right of the

Zintl border show metallic properties and suggests that crystal structures

are a more useful tool in separating metallic from non-metallic elements [7].

Metals have a high coordination number, (at least eight, usually twelve neigh-

bours at close distance) whereas non-metals have a lower coordination num-

ber (generally between one and four close neighbours) although exceptions

to this are cations in zeolites or in crown ethers. This gives a de�nite, if

somewhat irregular, boundary between metallic and non-metallic elements

(shown as a black line in �g. 1.3) and in some cases it is necessary to distin-

guish between two allotropes of an element e.g. tin.1 Elements to the right

1There are two allotropes of tin. White tin, � -Sn, is tetragonal and stable at room

temperature. At low (13.2o) temperature, it undergoes a phase transition to� -Sn which

is grey and has the cubic diamond structure. In both structures, the tin atoms have

four nearest neighbours but those in� -Sn are at a further distance than those in� -Sn.

However, the next nearest neighbours of� -Sn are much closer, giving a denser structure

that is metallic in character. Whereas the bonding in � -Sn is thought to be covalent, with

all four valence electrons being used in the bonds, that in� -Sn is `ionic' with only two
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of this line show a volume decrease on melting. The covalent bonds in the

non-metallic structure break upon heating and the structure collapses in on

itself and a close packed metallic structure is formed. Also distinguished by

Klemm [8] are the metals immediately to the left of this demarcation line.

These metals are di�erent from the other metals in that the typically metal-

lic high symmetry structures are distorted and the coordination number is

no longer 12 but less e.g. 6. Property-wise, their electrical conductivities

are at the low end of those characteristic of metals and their hydroxides are

amphoteric or only weakly basic. He describes these as the `metametals'.

Figure 1.3 { Various boundaries in the periodic table. The metalloids are

shown in blue; the distinction between metals and non-metals according to

Zintl ( -); the distinction between metals and non-metals according to Klemm

(-); the metals Klemm designatedmetametals are shaded in grey.

Originally, a Zintl Phase was de�ned as being a compound typically

formed by combination of one or more metals and a metalloid. Such a Zintl

Phase should crystallize in a salt-like structure and occur as a phase in the

alloy system which contains the greatest amount of reactive metal [6]. How-

ever, this premise was di�cult to apply and, since then, the de�nition has

electrons per tin atom being used in bonding due to the stabilization of the 6s orbitals

(inert pair e�ect).
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been re�ned by several authors into the one we know today. In 1956, Mooser

and Pearson discussed the nature of bonding in semiconducting compounds

and pointed out that, in such compounds, there are small electronegativity

di�erences between the constituents and that, in the semiconducting part,

there are �lled s and p subshells in at least one of any two atoms connected

by a bond [9]. Thus, this distinguishes them from `proper' metals which have

empty orbitals on all (or at least most) of the atoms. As a result of elec-

tron sharing, the atoms cannot gain more electrons than their valency and

so atoms from the groups 14-17 have completed octets. As such, the (8-N)

rule is valid. Klemm and Busmann, in 1963, took this one step further.

They pointed out a correlation between the anion structure and the electron

count [10]. The Zintl-Klemm-Busmann (ZKB) concept states [10]:

For a compound, MmXx, where the electrons of the more elec-

tropositive metal are transferred to the more noble metal, the

geometric arrangement of the anion corresponds to the structure

which one sees for an element with the same number of valence

electrons on the uncharged atom.

A problem arises from this de�nition owing to the ability of elements to form

di�erent structures. As a result of the large number of allotropes of elements

in this region of the periodic table, this rule cannot be used to predict a

structure, merely be used to understand the structure.

A modi�cation to this concept was put forward in 1973 by Sch•afer et

al. [11] where it was suggested that the limitation of an elemental lattice

should be dropped and that merely having the same number of bonds to the

isoelectronic element (i.e the 8-N rule) is su�cient. For example, in BaSi

(see chapter 7.2) the chains of Si2 { are linear and in a zig-zag form rather

than helical as in the group 16 elements. They point out that, although
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most phases can be described by the ZKB concept, there are still those

that cannot be as they do not conform to the (8-N) rule. However, these

compounds are formed from elements with only a small electronegativity

di�erence. It should therefore be noted that the extreme charge separation

described by the concept is just a formal means to count occupied states and

to assign them in terms of structural units but not to separate anion and

cation contributions to these electronic states. Most of these phases have

elements which have low single bond energy. In fact, the elemental forms of

tin and lead also do not conform to the (8-N) rule.

In 1990, Nesper elaborated on the description of Zintl Phases [12]. Ac-

cording to the basic ZKB concept, they show characteristics of normal valence

compounds:

1. There is a well de�ned relationship between chemical and electronic

structure. For the majority of compounds, the short interatomic X-

X bonds are two-centre-two-electron bonds with the octet of both the

metal and the metalloid satis�ed.

2. They are semiconductors with a band gap between 0.1 and 2 eV.

3. They are mostly diamagnetic, but can be paramagnetic. They should

not show temperature independent (Pauli) paramagnetism.

4. They are brittle rather than ductile.

There is, in fact, no sharp border between the intermetallic compounds

and Zintl phases and compounds exist where the structure seems to conform

to the ZKB rules, but the properties are unexpected. As the electronega-

tivity di�erence between the components decreases, so does electron transfer

from the electropositive element to the metalloid. This means that elec-

tronic states with high metallic character are occupied, as in intermetallic
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compounds, and the anions can be left with un�lled octets. The bonding in

these can be understood in terms of the bonding description for the so-called

electron de�cient compounds such as the boranes [13].

These criteria, however, are no di�erent from those of normal valence

compounds and so do not distinguish Zintl Phases from normal semiconduc-

tors. It is the role of the metal cation which cannot be disregarded. Once

having released its electrons to the structure, despite taking no part in the

covalent bonding, it does in
uence the overall crystal structure of the solid.

1.3 Electron Counting Rules

1.3.1 8-N Rule

When attempting to understand the structure of a molecule, its electron

distribution and its shape, in the �rst instance one uses valence bond theory.

In 1916, Lewis introduced the concept of a covalent bond [14] and electron

pairs. Such a covalent bond can be termed single, in which the bonding atoms

share a pair of electrons, or a double or triple bond in which they share two

or three pairs respectively. A pair of electrons uninvolved in bonding is called

a lone pair. In his description of bonding based on empirical observations

Lewis proposed what came to be known as the Octet Rule, which states that

each atom shares electrons with its neighbouring atom in order to achieve a

total of eight valence electrons. In other words, so that its octet is complete.

In general, this is a very useful rule of thumb for describing the distribution

of electrons although there are many exceptions to the rule and it really

only applies to the elements of the 2nd period [15]. This rule led to the

development of VSEPR theory, a model used to describe and predict the

shape of molecules [16].
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Similarly, this rule can be used in terms of ionic compounds. If we look at,

for example, the simple structure of NaCl. We would have no compunction

in writing this as Na+ Cl { , so transferring the electron in the outer shell of

the sodium to that of chlorine so that both have �lled octets in their outer

shell. The number of covalent bonds present can be calculated by the 8-N

rule where N is the group number of the element concerned.

However, there are compounds which at �rst glance do not obey this

octet rule e.g. BaSi. On closer inspection, it can be seen that they do in fact

comply with the octet rule, but, in order to do so, they use a combination

of ionic and covalent bonding and the degree of covalent bonding can be

described by the `generalized 8-N rule' as follows. Let X be an element of the

groups 14-17 or a heavy group 13 element, with eX valence electrons and M

be a metallic element with eM valence electrons. They combine to form the

compound MmXx with the electrons from M being transferred to complete

the octet of X. In order to satisfy the octet of the xX atoms of MmXx, 8x

electrons are required.

m � eM + x � eX = 8 � x = E (1.1)

eM = number of valence electrons of M

eX = number of valence electrons of X

E = number of valence electrons per formula unit

This, as yet, does not take into account any covalent bonds formed. If

there is a metallic cluster (polycation) present then not all of the valence

electrons of M are transferred to X. Therefore the eM must be reduced by

bMM the number of covalent bonds per M atoms. Lone pairs remaining on
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the metal atom, EM , must also be taken into account.

Similarly, if there are covalent bonds between the X atoms (resulting from

too few eM to satisfy the octet of X), the number eX must be increased by bXX ,

the number of covalent bonds per X atom. Equation 1.1 can be re-written

as:

m[eM � bMM � EM ] + x[eX + bXX ] = 8x (1.2)

bXX = number of covalent bonds per atom X

bMM = number of covalent bonds per atom M

EM = number of valence electrons remaining on M

The Valence Electron Concentration per anion VEC(X) is de�ned as the

total number of all valence electrons with respect to the number of anionic

atoms:

V EC(X ) =
m � eM + x � eX

x
(1.3)

Combining equations 1.2 and 1.3 and writing it in terms of the bonds

between the X atoms equation 1.4 is obtained.

bXX = 8 � V EC(X ) +
m
x

[bMM + EM ] (1.4)

The use of this generalized 8-N rule can be seen if we consider four speci�c

cases.

1. For pure elements to the right of the Zintl linem = 0; V EC(X ) =

eX = N and equation 1.4 becomes:

b(XX ) = 8 � V EC(X ) = 8 � N (1.5)
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i.e. the simple 8-N rule.

2. For polyanionic compounds where complete electron transfer from M

to X occurs, bMM = 0, EM = 0 and the equation also reduces to:

bXX = 8 � V EC(X ) (1.6)

This is the simple 8-N rule applying only to the anionic component

of the compound MmXx. In e�ect, this is a description of the ZKB

concept which states that the more electronegative partner in such a

compound should be treated as an element of the 4th -7th main groups

when the number of valence electrons is the same.

3. For polycationic compounds there are no XX bonds so bXX = 0 and

bMM + EM =
x
m

[V EC(X ) � 8] (1.7)

where the counting of VEC(X) must consider all valence electrons,

including those in the MM bonds.

4. For simple ionic compounds with neither XX nor MM bonds, bMM =

bXX = E M = 0 and

V EC(X ) = 8 (1.8)

in other words, the Octet Rule.

Fractional values of bXX are usually an indication of more than one type of

anion environment present in the structure (for example two di�erent types

of polyanion or di�erent coordination sites within the same polyanion).

Structures with defects in the anionic lattice must be treated slightly

di�erently [17]. Let M mXx � d be a derivative of the parent MmXx+d . A single

defect in the X lattice requires additional bXX electrons so that the remaining
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electrons can become lone pairs. Recall the equation for a polyanionic lattice

(1.6). This can be written in terms of the VEC(X) the number of valence

electrons per atom X.

V EC(X ) = (8 � bXX )x (1.9)

To have this in terms of the total number of valence electrons, E, this

equation must simply be multiplied by x.

E = (8 � bXX )x = (8 � Nx )x (1.10)

Nx = b XX = number of covalent bonds between X atoms

For every isolated defect, Nx bonds are broken, and Nx lone pairs are

formed (see �gure 1.4).

E = (8 � Nx )x + Nxd (1.11)

Defects are not always isolated, and when this is the case N-1 lone pairs

are generated, e.g. in �gure 1.4 where Nx= 4, 6 lone pairs are formed. N* is

introduced in order to account for isolated and neighbouring defects:

E = (8 � Nx )x + N � d (1.12)

1.4 Theoretical Bonding Depictions

Although chemists generally use the concept of the chemical bond, it is not

something that is physically characterizable [18]. However, the electron dis-

tribution within a compound can be characterized by electron di�raction
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(a) Nx =4

(b) Nx =3

Figure 1.4 { Generation of defect structures by removal of a) an isolated

atom and b) of two adjacent atoms.

and theoretically calculated by Density Functional Theory (DFT) [19, 20].

Electron density varies as a function of coordinates x, y, z and so one would

need four dimensions to be able to plot it. To circumvent this, electron

density maps are usually generated with respect to a particular plane of the

molecule. Maxima are seen corresponding to the nuclei of the atom and there

is a ridge running between atoms involved in the bond. This is termed the

`bond path'. From such a plot, looking at the contours of the density map

can show a depiction of the shape of the molecule in this direction.

The Electron Localization Function (ELF) allows a pictorial description

of bonding in a structure and can be used to check structures where there may

be di�culty in solving the structure by traditional methods [21]. It can also

be used to detect previously undetected atoms, such as light atoms like H, and

elucidating the structure of a compound which has unexpected properties.

ELF also allows the depiction of lone pairs and their environment [22].
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1.5 Magnetism in Solids

When an electron is in an orbital, its motion can be described by theorbital

angular momentum, l, unique to each orbital. For a particular shell, n, l

can have integer values of 0 to n-1. Theorbital magnetic quantum number,

m l, de�nes the value of l in a particular direction and can take values of

� l; � (l � 1):::0. Only one component of l can be speci�ed. By convention,

this is lz and is not arbitrary because measurement of the magnetic properties

invariably imposes the axis. When a magnetic �eld is applied to the sample,

it causes the the orbital angular momentum, l, to precess around the z-axis.

This is known as theLarmor Precession.

The orbitals themselves do not display angular momentum, it is the mo-

tion of the electrons about the z axis within them that does. This motion can

be described as transfer between two orbitals which are identical except for

their orientation with respect to the z axis (e.g. the px and py orbitals). Elec-

trons can move from one of these orbitals to the other without hindrance by

the laws of quantum mechanics. The motion (either clockwise or anticlock-

wise) of the electron about the z axis and therefore its angular momentum

depends on there being a pair of rotationally equivalent and degenerate con-

jugate orbitals. If an orbital has no degenerate partner related by rotation

about the z axis, then an electron in it has no orbital angular momentum,

l=0, for example, in an s orbital.

An electron shows another type of angular momentum, arising inside

the electron itself, the spin angular momentum, s. It has the value of 1
2 .

The magnetic spin quantum number, ms, has only two orientations possible

(again, relative to the z axis), it can be up" , the � -state, or down #, the

� -state. According to the Pauli principle, only two electrons can occupy any

one orbital and if they do then the spins must be paired. If electrons are
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in di�erent orbitals, then they alter their motion in order to minimize their

repulsion, this is called charge correlation. This repulsion is dependent on

the spin of both electrons. The repulsion between two electrons is smaller

when their spins are aligned in a parallel manner than when anti-parallel.

This is spin correlation and enables the electrons to swap with each other

so causing a stabilization e�ect, the exchange interaction. Hund's rule of

maximum multiplicity states that the electronic ground state is that with

the maximum number of parallel spins in the open-shelled system.

Due to the negative charge of the electron, when it moves around the nu-

cleus, it creates an orbital magnetic moment which is in the opposite direction

to the angular momentum. The spin of the electron also causes a magnetic

moment and it is also in the opposite direction to the angular momentum.

In light atoms, these both contribute independently to the total magnetism

that is observed, but as the atoms get heavier, these magnetic moments in-

teract. This is known as `spin-orbit coupling'. However, in a molecule or a

solid, the electrostatic forces between each atom disturb the motion of the

electrons and so the orbital angular momentum is a�ected. As such, the

orbital angular momentum is `quenched' and any magnetic behaviour seen

can be said to be due only to the electron spin.

This magnet formed by the electron spin can be treated in the same way

as a bar magnet. The concerted behaviour of all of these magnets within a

material are what endows it with its bulk properties.

In classical physics, the model taken to explain magnetism starts with

a current loop as the source of a magnetic dipole. The magnitude of the

magnetic moment is de�ned as unit current passing through a single turn of

the loop of unit area and so

m = IA [Am2] (1.13)
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This magnetic moment interacts with the applied magnetic �eld, B (with

units of Tesla). Magnetization, M [Am { 1 ] of a sample is de�ned as the mag-

netic dipole moment per unit volume and occurs when a sample is subjected

to an external magnetic �eld causing the existing current loops to orient

themselves with respect to the �eld. Thus magnetization is usually (but

not always) proportional to the applied �eld (see equation 1.14). When the

applied �eld is small, M is proportional to B in the case of both a paramag-

netic and a diamagnetic material, but never in the case of a ferromagnetic

material.

M = � � 1
0 � mB (1.14)

� 0 is the vacuum permeability and has the value of 4� � 10� 7NA { 2 . � m

is the magnetic susceptibility which is the magnetization induced by unit

applied magnetic �eld. It is dimensionless. The molar susceptibility,� mol is

the susceptibility per mole of substance and is given by equation 1.15 and

has units of m3mol { 1 .

� mol = � m �
M r

103�
(1.15)

In a vacuum, the magnetic �eld intensity, H, can be expressed as 1.16. Both

H and M have the same units and so the �eld within a magnetized material

can be written as 1.17. Using equation 1.14 we can write equation 1.18

B0 = � 0H (1.16)

B = B0 + � 0M = � 0(H + M ) (1.17)

� m = � 0
M
B

=
M
H

(1.18)
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Diamagnetism, a magnetic phenomenon occurring in every substance,

e�ectively occurs due to the distortion e�ects of the applied �eld. Small

magnetic �elds are generated in opposition to the external �eld2 arising from

the motion of the electrons about the applied �eld. Both the magnetization

of the sample and the susceptibility are negative and the magnetic �eld felt

within the sample is reduced with respect to the external applied �eld. This

property can never be saturated by application of a larger �eld as it is induced

by the external �eld and so the larger the applied �eld, the larger the induced

�eld (at least through present laboratory devices). Diamagnetism is usually

a small e�ect in relation to observed positive magnetism.

In open-shell species, it is often the case that unpaired electrons are

present. According to Hund's First Rule, it is favourable for these spins

to align in a parallel manner. When an external �eld is applied, it is en-

ergetically favourable for all of the spins within the entire (bulk) material

to align with the applied �eld. This procedure, termed paramagnetism, is

temperature dependent and at high temperatures thermal e�ects mean that

the electron spins are no longer aligned with the �eld. This results in a mag-

netization that varies with temperature. In 1895, P. Curie showed that the

temperature has an inverse e�ect on the susceptibility, equation 1.19. C, the

Curie constant is characteristic of the substance.

� m =
C
T

(1.19)

It is, however, rare for materials to obey the Curie Law. A more common

behaviour can be described by the Curie-Weiss Law (equation 1.20):

� =
C

T � �
(1.20)

2Lenz's Law states that the direction of the ensuing current is such as to oppose the

change in magnetic 
ux that causes it.



Magnetism in Solids 19

� is characteristic for a particular compound and for a ferromagnetic sub-

stance it is positive; for an antiferromagnetic compound, it is negative. How-

ever, if a compound has an electronic ground state with �ne structure (i.e.

low-lying, easily accessible excited states) there can be a signi�cant thermal

distribution between the ground and these excited states. The temperature

dependence of the the susceptibility will be of Curie-Weiss form when kT is

nearly equal to or larger than the ground state splitting. This is common for

lanthanide and transition metal ions and forcing the data into a Curie-Weiss

plot can hide the fact that the deviation from Curie behaviour is due only to

the variation of C caused by the temperature. A way to investigate this is

progressively to dilute the magnetism in an isomorphous diamagnetic host.

A common example of substances not conforming to the Curie Law are

metals. They exhibit Pauli paramagnetism. The itinerant electrons in the

material can be treated as an electron gas. However, in this gas, the Pauli

exclusion principle still holds and Fermi-Dirac statistics apply. When there

is no applied �eld, the electrons in the band are paired but, when a �eld is

applied only those electrons within an energy window of kT can 
ip. Those

directed against the applied �eld have a slightly increased stability and at

equilibrium outnumber those parallel to the �eld. This means that the num-

ber of states available to polarize is proportional to kT and the average of

polarization is proportional to h
kT so the temperature dependency cancels

and this paramagnetism is independent of temperature.

There are four ways in which the electrons can order with respect to the

external magnetic �eld and each shows characteristic behaviour. However, it

is also possible for a material to show a combination of these ways.

Antiferromagnetism is the most common form of cooperative magnetism

in solids and arises when the spins of adjacent domains align anti-parallel
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to each other. On application of a magnetic �eld, the majority of the spins

will align in the same direction as the �eld but a small number will remain

anti-parallel. As such, the susceptibility values are somewhat smaller than

those of a ferromagnet. This behaviour is also temperature dependent: at

higher temperatures thermal e�ects destroy the alignment of the spins and

the substance becomes paramagnetic. The temperature at which this occurs

is called the N�eel temperature, TN . If the crystallographic sites are equivalent

e.g. MnO, then the magnetization vanishes as T! 0.

Ferromagnetism is perhaps the best known example of magnetic be-

haviour. It also exhibits the largest susceptibility values. At high tempera-

tures, the substance is paramagnetic but as it is cooled down, the individual

magnetic dipoles spontaneously align and it becomes ferromagnetic. At this

point, the Curie Temperature (TC), there is a large increase in the value of

the susceptibility. For pure, soft iron, this occurs at 1043K. If the substance

is placed in a magnetic �eld, there is an increased incentive for the spins to

align i.e. all of the domains will align with the �eld rather than alignment

occurring only within the domains themselves. When the external magnetic

�eld is strong enough, the magnetization approaches a constant value, known

as the saturation magnetization, Msat. Ferromagnets can be divided into two

classes. Soft ferromagnets, in which the magnetization disappears as soon

as the external �eld is removed, and hard ferromagnets which exhibit rema-

nent magnetization i.e. the magnetization remains after the �eld is removed

and they display hysteresis. The substance can only be demagnetized if it

is heated above TC. These materials are metallic with the coupling between

the adjacent centres being transferred by the conduction electrons.

Metamagnetism is a combination of both ferromagnetism and antiferro-

magnetism. The substance has domains which are aligned ferromagnetically
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but these domains are coupled antiferromagnetically with respect to each

other. This antiferromagnetic coupling can be overcome by application of a

large enough external �eld.

Ferrimagnetism occurs when there are di�erent metal ions within the

crystal structure. This can mean distinct metal ions X and Y or simply the

same metal but in a di�erent oxidation state. Magnesian stone, today known

as magnetite Fe3O4, was known by the ancient Greeks and in the Middle

Ages was used as a compass. It has Fe2+ and Fe3+ present in the crystal

lattice. The di�erent magnetic centres are present in di�ering proportions

and, as such, show an overall magnetization; in other words, the material

is e�ectively ferromagnetic. Ferrimagnets can also exhibit remanence and

hysteresis.

Superparamagnetism is a special case which occurs when the particle size

is comparable to the size of the unit cell. It is typically seen in ferrites. The

individual domains correspond to a single particle and saturation is reached

easily but no remanence is seen.

Strong dipolar interactions within a material are responsible for the co-

operative magnetism seen in solids. Direct through-space interactions are

too weak to have any in
uence, but coupling between adjacent dipoles can

arise through exchange interactions. The coupling depends on direct overlap

of the orbitals on each site. There are six types of such interactions [23].

1. Electrons can exchange within the d shell on the same metal cation.

2. Electrons can swap from the d shell of one metal cation to that of an

adjacent ion and is known as direct exchange.

3. Electron exchange can also occur within the conduction band. In this

case, parallel alignment of the electrons competes with the kinetic en-
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ergy of the system which has its minimum when half the spins point in

one direction and half in the other. When the concentration of the elec-

trons is su�ciently low, the exchange interaction dominates the kinetic

energy term and it becomes favourable for the electrons to align.

4. Exchange of electrons between the conduction band and the incomplete

d shells. The spin of an outer s electron can couple to those of an

incomplete d shell of atoms in the material. When there is only one

s electron, then the lowest energy orientation has it aligned parallel

to those of the incomplete d shell. The s electron is the conduction

electron and so tends to align spins of the other d electrons in the

system. Hence, this interaction is inherently ferromagnetic.

5. Known as `double exchange', the exchange of valence states between

cations of the same transition element occurs when the metal cation

present in the crystal does not have a �lled subshell. Direct interaction

between the two metal centres is usually not feasible and interactions

occur through an intermediate, the anion. An electron hops from one

metal centre to the anion at the same time as an electron hops from the

anion to the second cation. This is therefore necessarily a ferromagnetic

interaction, but one which also allows for electrical conductivity in the

material.

6. In inorganic solids, the most common is known as `superexchange'. It

involves electron hopping from one metal site to another by means of

an anion intermediate and, if the anion has a �lled or if the cation

has a half-�lled or more shell, it favours an antiferromagnetic lattice.

This is dependent on the M-X-M bond angle: for a linear arrangement,

antiferromagnetic ordering is favoured; as this decreases to 90o, ferro-
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magnetic interactions are favoured. As the angle reaches 90o, the d

orbitals of the metal interact with di�erent anion orbitals and so it is

favourable for the metal centres to have aligned electrons.

Problems arise as the constituent atoms get heavier. As atoms increase in

size, the spin-orbit coupling which previously can be disregarded as negligible

becomes important as the spin magnetic moment of an electron interacts with

the magnetic �elds generated by the motion of other electrons. The values of

l and s become less well de�ned but their sum, the total angular momentum,

j, remains well-de�ned. This is important in relation to the lanthanide ele-

ments. In lanthanide compounds, magnetic properties are for the most part

due to the electrons in the un�lled 4f subshell and is almost independent

of environment resulting from the contracted radial distribution functions.

Due to this contracted nature of the f orbitals, neighbouring metal sites only

interact at very low temperature. The spin-orbit coupling is substantial and

increases substantially across the series. For the elements with less than a

half-�lled subshell, L and S are in opposition and the e�ective magnetic mo-

ment is less than that predicted by the spin-only model. When the subshell

is more than half-�lled, L and S align and the e�ective magnetic moment

is much larger. Most of the lanthanides form compounds with Ln3+ ions.

In a metallic compound, the three electrons are involved in metallic bonding

and they generate a temperature independent paramagnetism (TIP) through

interaction with the aligned electrons remaining in the 4f-subshell. The para-

magnetism of these electrons usually far outweighs the TIP of the itinerant

electrons. Europium and ytterbium are divalent due to the high third ion-

ization energy arising from the stability of the half-�lled/�lled subshell and

in ytterbium from the high e�ective nuclear charge.3 Many lanthanide com-

3They also have large radii in relation to the rest of the series and have low sublimation
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pounds have a formal oxidation state of +2 but their measured magnetic

properties show normal trivalent behaviour. This can be understood by the

transfer of one electron to the conduction band of the solid. The orbitals

making up this band are considered to be 5d in character [24].

The Zeeman E�ect is an additional splitting e�ect caused by the inter-

action of the spin magnetic moment with the external magnetic �eld. If the

spin is aligned with the magnetic �eld, then the energy of the state will be

lower; if it is against, then it will be higher in energy.

In a material where the atoms have only spin angular momentum in the

ground state and do not interact with each other and no excited electronic

state is accessible, the Curie limit can be reached where kT� � BB by at

least one order of magnitude. The populations of the di�erent Zeeman levels

are equalized and the Zeeman E�ect can be ignored. WhenkT
� B B is very large,

the molar susceptibility can be described by a semi-classical representation:

� mol =
� 0NA

3kT
m2

ef f (1.21)

When � BB � kT, the saturation limit is reached (usually achieved ex-

perimentally by high �eld strength and low temperature). In this case, all of

the spin states occupy the lowest Zeeman level and the classical assumption

of a permanent atomic moment is invalidated.

The second order Zeeman e�ect occurs in heavy atoms, the electronic

energy levels are displaced to an amount proportional to the square of the

strength of the applied �eld. Sometimes known as the paramagnetic current,

it is a result of the distortion of electron density causing a circulation about

the �eld direction (i.e. a current co-directional to the �eld). If no thermally

energies.
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excited states are available, then:

� T IP = � 0NA � (1.22)

This is the molar susceptibility which is independent of the temperature.

Simple metals show such a TIP resulting from the itinerant electrons present.

In an open-shell species, the e�ect is much larger and can be comparable to

the susceptibility of a Curie paramagnet. This leads to a modi�cation of the

Curie-Weiss Law, so that for compounds with isolated ground states

� =
C

(T � �)
+ D (1.23)

where D is, in e�ect, � T IP . This law does not apply at low temperature

because of the �ne splitting of the energy levels. Generally, paramagnetism

has contributions from all of these e�ects and so C is not constant, vary-

ing with temperature and the excited states may be occupied so that the

susceptibility also varies with temperature.
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Chapter 2

Experimental

All manipulations, unless stated otherwise, were carried out in a dry glove

box (MBraun MB150) with an argon atmosphere.

2.1 Puri�cation of the Starting Materials

The starting materials used are listed in table 2.1. Despite the labelled purity,

the metals are air sensitive and when obtained are covered by an oxide layer.

Thus they must be puri�ed or cleaned before use. Metals with su�ciently

low enthalpy of vaporization were puri�ed by distillation. In a glove box, the

metals were put into a molybdenum crucible which was then placed inside the

distillation chamber (made from alloy 600). The apparatus was sealed with

the cooling �nger and then transferred to the high-vacuum pump. Here it

was heated according to the appropriate temperature program. Once cooled,

the sublimation unit was transferred back into the glove box and the puri�ed

metal cut from the cooling �nger.

For some metals, notably lanthanum, cerium and lutetium, distillation is

not possible due to their low vapour pressure. For all three, the outer oxide

27
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layer was removed by �ling. For lanthanum and cerium small lumps/�lings

were cut with a hammer and chisel. It was not possible to cut lutetium and

so this was �led.

Table 2.1 { Starting Materials

Element Form Purity (%) Puri�cation method

Lithium rods 99.90 distillation

Sodium ingot > 99 distillation

Calcium pieces 99 distillation

Strontium pieces 99 distillation

Barium rods 99.5 distillation

Lanthanum ingot 99.9

Cerium ingot 99.9

Europium ingot 99.9 distillation

Lutetium ingot 99.9

Silicon pieces 99.999+

Tin shot/powder 99.8

The silicon pieces were ground by hand to powder in a pestle and mortar

before use. When silicon was used in conjunction with lithium, it was heated

under vacuum to 180oC to ensure that it was dry. Tin was used either as

shot or as powder when the sample was pressed to a pellet before reaction.

For the most part, niobium or tantalum ampoules were used as a reac-

tion vessel. These were made by cutting a length of� 5cm with an internal

diameter of 8mm, cleaning, drying and then welding one end shut before

cleaning and drying again. In the glove box, reactants were placed inside

the ampoule which was then sealed under argon by arc welding. For reac-
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tions under 1100oC, the ampoules were placed in quartz tubes which were

then evacuated and heated in a Heraeus Ro 4/50 furnace. For the syntheses

which required heating between 1100 and 1700oC, the ampoules were placed

inside a high density alumina tube and heated in the high temperature GERO

HTRV 40-250 furnace.

For reactions above 1200oC, tantalum ampoules were used because above

this temperature, niobium starts to form silicides. For the lower temperature

reactions, niobium ampoules were used, unless it was intended that magnetic

measurements were to be run on the products. In this case tantalum was

used.

For those reactions where it was not suitable to use the ovens (i.e. higher

temperatures or much faster cooling time were required) the reactants were

pressed into a pellet and reacted directly in an electric arc furnace inside a

dry box (MBraun Labmaster 130) �lled with argon.

2.2 Analysis Methods

2.2.1 X-ray Analysis

Powder Analysis

The lithelen grease and glass capillaries (Hilgenberg GmbH) used for both

powder and single crystal X-ray analysis were preheated under high-vacuum

before use in order to remove any water residues they might have.

Qualitative analysis of the reaction products was carried out in the �rst

instance by powder di�raction. In a glove box, the samples were ground

in an agate mortar and �lled into pre-heated glass capillaries. These were

then sealed inside the box before being removed and measured. For samples
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with elements causing a high absorption even when using a 0.1 capillary, a

slightly di�erent method was used. A 0.1 mm capillary was covered with (pre-

heated) grease and dipped into the ground sample. This was then inserted

into a capillary of larger diameter (0.5 mm). This was then sealed inside

the box before measuring. When in a capillary, powder X-ray di�raction

patterns were recorded on a Stoe STADI P2 powder di�ractometer, with a

germanium monochromator,� (CuK � 1) = 1 :54056�Aand a position sensitive

detector arranged in the Debye-Scherrer geometry. A curved PSD with 2� =

40o was used for qualitative analysis. When more accurate re
ection positions

were required, a linear PSD (2� ef f = 8o) was used.

A Bruker D8, PSD was also used. In the glove box, a watch-glass was

covered with a thin layer of (pre-heated grease) and the powder placed on

this. The watch-glass was then �xed with a small amount of grease to a sam-

ple holder made of plexiglass and designed speci�cally for the measurement

of air-sensitive compounds.

The analysis of the data was carried out with the programs WinXPow [25],

Comparis and Match [26] and compared to powder patterns from the pub-

lished literature in the ICSD database and from theoretical patterns calcu-

lated from own single crystal analysis.

Single Crystal Analysis

In the glove box, single crystals were selected by examination of the sample

under a microscope. The end of a 0.1 mm capillary was dipped in grease

and used to pick up the crystal. This was then inserted into a capillary of

larger diameter (0.3 mm) and then sealed in the box. The measurements

were carried out on a Bruker SMART Platform Di�ractometer with a CCD

detector (� (MoK � ) = 0 :71073�A, graphite monochromator). The data was
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indexed using the SMART [27] program software and and integrated using

SAINT [28]. The structure was solved using the SHELX program family [29].

� XPREP: Space group determination

� SHELXS: Structure solution

� SHELXL: Structure re�nement

� SADABS: Empirical Absorption correction

The program Diamond [30] was used to produce graphics of the structures

and WinXPow was used to generate theoretical powder patterns from the

single crystal data.

The density of the crystal can be calculated by

dc =
M r � Z

VEZ � NA
(2.1)

Crystallographic R values are a measure of how well the structural model

correlates to reality. They are also called residuals or R-factors. These

R-values are calculated from the di�erence between the structure factors

calculated from the structure model,Fc, and the structure factors observed

Fo [31].

The `conventional' R value,R1, is shown in equation 2.2 and when mul-

tiplied by 100 gives the average relative deviation between the observed and

calculated structure factors as a percentage.

R =

P

hkl
kFoj � j Fck
P

hkl
jFoj

(2.2)

In R1, no weights are taken into account and, as these generally make the

R-factor worse, the weighted R-value should also be given. This is shown in

equation 2.3.
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wR2 =

vu
u
u
t

P

hkl
w(F 2

o � F 2
c )2

P

hkl
w(F 2

o )2
(2.3)

The weighting factor, w is:

w =
1

� 2(F 2
0 ) + ( a � P)2 + ( b� P)

(2.4)

P =
1
3

max(0; F 2
o ) +

2
3

F 2
c (2.5)

a and b are chosen to minimize the di�erences in the variances for re
ec-

tions in di�erent ranges of intensity and di�raction angle.

wR2 values are much more sensitive to small errors in the structure model

than wR values. Typically values of the R-factors should be below 0.15 for

wR2 values and below 0.05 for both wR and R values. Another index used

to indicate the quality of the re�nement is the so-called \Goodness of Fit",

S.

S =

vu
u
t

P

hkl
w� 2

m � n
=

vu
u
t

P

hkl
w(F 2

o � F 2
c )2

m � n
(2.6)

where m = number of re
ections and n= number of parameters. For a correct

structure with a suitable weighting scheme S = 1.

The internal R value, Rint is an indication of the quality of the measured

data set. It is de�ned in equation 2.7.

Rint =

P �
�F 2

0 � �F 2
0

�
�

P
F 2

0
(2.7)
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2.3 Magnetic Measurement

Measurements of the magnetic moment were carried out on a SQUID-mag-

netometer (MPMS 55, Quantum Design). It measures the magnetic moment

of the sample from which both the magnetic susceptibility and magnetization

can be calculated. It can operate in the temperature range of 1.7 K to 400 K

and is capable of providing a magnetic �eld from 0 to� 5 T.

Temperature dependence measurements of the moment were carried out

as follows. The sample was cooled down to 2 K in the absence of an external

�eld. The �eld was then applied and the sample heated to 300 K. This is the

Zero Field Cooled (ZFC) measurement. Then the sample was cooled to 2 K

under the in
uence of the �eld. This is the Field Cooled (FC) measurement.

The SQUID system is made up from a superconducting magnet to gen-

erate the large magnetic �elds; a superconducting detection coil (of Nb3Ge)

which couples inductively to the sample; the SQUID connected to the detec-

tion coil and a superconducting magnetic shield surrounding the SQUID. As

the sample is moved through the superconducting detection coils, the mag-

netic moment of the sample induces an electric current in the coils. Since the

current produced is proportional to the change in magnetic 
ux, any changes

can be detected. The system can be calibrated by measurement of a small

piece of material of known mass and susceptibility [32]. The accuracy of the

machine for a T-loop measurement is to the order of 10� 8 emu and that of a

hysteresis measurement to the order of 10� 6 emu.

The di�erent types of magnetism (see chapter 1.5) exhibit di�erent be-

haviour relative to both the �eld and the temperature (see table 2.2) and so

the properties of the measured sample can be interpreted.

However, magnetic measurements are generally neither measured nor re-

ported in SI units, rather in the Gaussian cgs system. In the cgs system,
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Table 2.2 { Magnetic Susceptibilities [33]

Behaviour Typical � value Change of� Field

with increasing Dependence

temperature

Diamagnetism � 8 � 10� 6 for Cu None No

Paramagnetism Decrease No

Pauli Paramagnetism 8:3 � 10� 4 for Mn None No

Ferromagnetism 5� 103 for Fe Decreases Yes

Antiferromagnetism 0 to 10� 2 Increases (Yes)

three �elds relevant to a measurement are de�ned.

1. H, the applied magnetic �eld [Oe]

2. M, the magnetization

3. B, the 
ux density [G]

These are related by the equation 2.9. The magnetic moment (units

emu) is the quantity which is measured experimentally. From this value, the

magnetization is calculated by dividing by either mass, volume or number of

moles of the sample. The susceptibility,� = M
H , is in some cases dependent

on H and this can be determined when a plot of M(H) is not linear. In such

cases, the susceptibility must always be quoted for a particular value of H.

It is usual to quote the molar susceptibility� mol .

� mol =
M
Hn

�
cm3

mol

�
(2.8)

B = H + 4�M (2.9)
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2.4 Thermal Analysis

Di�erential Thermal Analysis, DTA, can be used to determine the tempera-

ture at which a thermal change in the sample occurs. This thermal event can

be the sample melting, decomposing or passing through a phase transition.

For these measurements, a NETZSCH DSC 404 was used and it has a highest

attainable temperature of 1500o C.

In a glove box, the sample was placed inside a clean niobium ampoule

which was then sealed by welding under an argon atmosphere. This ampoule

was then mounted in the furnace alongside a reference sample. This reference

sample, of similar mass to the sample to be measured, was also in a niobium

ampoule and contained Al2O3 as this is inert. The reference and sample are

both placed in the furnace together and are heated as determined by a pre-set

temperature program. The heating rate is therefore the same for both and the

temperature of the sample and reference are constantly measured. As soon

as a thermal event occurs in the sample, a di�erence in temperature between

the sample and reference is recorded. If the event taking place is exothermic

then the sample will have a higher temperature than the reference and if

it is endothermic then it will have a lower temperature than the reference.

The temperature of the sample remains constant until the thermal event

has occurred. The probes on which the sample and reference are placed are

connected by a thermocouple. Hence, the temperature di�erence between

the two, �T, can be calculated and recorded as a plot of �T vs T. The

measurement is qualitative and temperature of the event is shown as a sharp

peak on the curve.

An example of a temperature program is shown in �gure 2.1. It �rst

heats to the desired temperature using a slow rate e.g. 5 K/min and then

cools down to 400o C and is then heated up again before being cooled down
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to room temperature. This enables both reversible and irreversible events to

be detected.

Figure 2.1 { DTA Temperature Program.

2.5 LA-ICP-MS Measurements

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

is a tool used for analysis of trace elements in solid compounds. The sample

to be analysed is placed inside a sealed chamber and 
ushed with either

argon or helium. The laser is focused onto the sample and the material is

ablated from the surface. It is then carried by the gas to the plasma. Here

the particles are vaporized, atomized and ionized. These are then transferred

by vacuum into the mass analyser and here detected [34].

The analysis, by the research group of Professor D. G•unther, ETH Z•urich,

was carried out using a 193 nm ArF excimer laser ablation system (Lambda
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Physik, G•ottingen Germany) coupled to an ICP-MS (DRC II +, Perkin

Elmer, Norwalk, USA). The reference material NIST 610 was used as ex-

ternal calibration standard and Si was used as internal standard. Data re-

duction and concentration calculation was carried out using the protocol as

described in Longerich et. al. (1996). Table 2.3 lists the speci�cations used.

Table 2.3 { ICP-MS speci�cations

Parameter Value

Laser type ArF excimer

Laser wavelength 193 nm

Spot diameter (sample and standard) 60� m

Repetition rate (sample and standard) 5 Hz

Laser energy 11.5 J/cm2

He carrier gas 
ow rate 1L min{ 1

RF power 1380

Nebulizer gas 
ow rate 0.87

Auxiliary gas 
ow rate 0.7

Coolant gas 
ow rate 17.8

Dwell time 10 ms

Detector mode Dual (pulse and analog)
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Chapter 3

Investigations into the

Ca/Ce/Si System

3.1 Literature of known binary phases

The phase diagram of the Ce/Si system shows six binary phases: Ce5Si3,

Ce3Si2, Ce5Si4, CeSi, Ce3Si5 and CeSi2 [35, 36]. Ce5Si3 crystallizes with

the Cr5B3 structure type (�gure 3.1a) and has two types of silicon anions

present [37]. One is an isolated Si4 { anion, the other a Si6 {
2 dumbbell [38, 39].

Ce3Si2 crystallizes in the U3Si2 structure type (�gure 3.1b) [40] and has Si-Si

dumbbells [41]. Ce5Si4 crystallizes in the Zr5Si4 structure type [37] in which

there are three crystallographically di�erent cerium sites and the silicon

atoms are in the form of dumbbell anions with a separation length of 254-

258 pm (�gure 3.1c). Magnetic measurements show the cerium to be a Ce3+

cation [42] and the Zintl-Klemm formula can be written as 5 ( Ce3+ )2 ( Si6 {
2 )�

3e� . These `extra' electrons are to be found in the conduction band, a de-

scription consistent with DFT calculations. The occupation of the Si-Si anti-

bonding orbitals which are of similar energy to the Ce-d orbitals allows some

39
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back donation, this stabilizing the structure [43]. CeSi crystallizes in the FeB

structure type (�gure 3.1d) [40], with zig-zag Si-Si chains centring a row of

trigonal prisms (for more detail see chapter 7.2). In CeSi2 (�gure 3.1e), the

silicon atoms form a continuous 3D network with the metal cations in the

interstices and can be described as the� -ThSi2 type [41, 44]. The silicon

environment is trigonal planar, with two of the Si-Si distances shorter than

the third [45].

(a) Ce5Si3

(b) Ce3Si2

Figure 3.1 { Structures of the various Cerium Silicides
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(c) Ce5Si4

(d) CeSi

(e) CeSi2

Figure 3.1 { Structures of the various Cerium Silicides
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Unlike the cerium silicides, which one must formally describe as inter-

metallic compounds, the calcium silicides follow the ZKB rules and can be

classi�ed as Zintl Phases. According to the phase diagram [46], there are

six known binary compounds in this system. Ca2Si, Ca5Si3, CaSi, Ca3Si4,

Ca14Si19 and CaSi2. Ca2Si (�gure 3.2a) consists of isolated Si4 { anions and

Ca2+ cations [47] and crystallizes in the anti-PbCl2-type. Ca5Si3 (�gure 3.2b)

crystallizes in the tetragonal Cr5B3 structure type, having one isolated anion

and one dumbbell pair. This can be thought of as 5 ( Ca2+ )Si4 { Si6 {
2 [48].

CaSi (�gure 3.2c) has the CrB structure type [49], with a zig-zag chain of sil-

icon atoms running through the centre of a trigonal prism (see chapter 7.2).

In Ca3Si4 (�gure 3.2d), the silicon forms units of2
1 [Si18 {

12 ] in which the point

of each trigonal planar star is linked to another three-pointed, but pyrami-

dal, star out of the plane, forming a layered 2D network. According to the

ZKB concept, this can be written as (Ca2+ )9[(Si { )6(Si2 { )6] [46]. Very sim-

ilar, is Ca14Si19 [50] (�gure 3.2e), containing a 2D network of21 [Si28 {
19 ] with

the central unit containing planar three-bonded silicon linked by two-bonded

silicon atoms. The overall formula can be written as (Ca2+ )14[f (3b)Si { g10

f (2b)Si2 { g9]. Finally, the binary compound richest in silicon, CaSi2 (�gure

3.2f) crystallizes in its own structure type [51]. The silicon atoms form a

sublattice in which each silicon has three equidistant neighbours. At high

pressure/temperature, this can be transformed into the phase with the� -

ThSi2 structure (�gure 3.2g) [52].
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(a) Ca2Si

(b) Ca5Si3

(c) CaSi

Figure 3.2 { Structures of the various Calcium Silicides



44 Investigations into the Ca/Ce/Si System

(d) Ca3Si4

(e) Ca14Si19

Figure 3.2 { Structures of the various Calcium Silicides
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(f ) CaSi2

(g) CaSi2HT

Figure 3.2 { Structures of the various Calcium Silicides
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3.2 Ternary compounds

There are no previously reported ternary compounds in this system. The

known binary compounds, the experimental starting compositions and the

reported crystal compositions are shown in �gure 3.3.

Figure 3.3 { Ternary phase diagram of the Ce/Ce/Si system. Known binary

phases are marked with� , experimental starting compositions with � and

ternary compounds with F .

3.2.1 Ca xCe5-x Si4 system

All experiments were carried out at the following temperature program: the

elements were heated in a tantalum ampoule under vacuum to 1460o C at

a rate of 600o/hr and held there for 2 hours, then cooled at 200o/hr and
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samples put into the glove box, then ground and pressed into a pellet. The

pellet was then put into a tantalum ampoule and heated under vacuum as

before. The cooling rate this time was 20o/hr. The ampoules were then put

into the glove box before being opened.

Synthesis of a sample using the initial starting composition of 3Ca:2Ce:Si6

gives a powder pattern corresponding to the theoretical powder pattern of a

crystal with the composition CaxCe5-xSi4 where x=3. DTA experiments on

the sample of Ca3Ce2Si4 show that it is stable up to 1500o C (see �gure 3.4).

Figure 3.4 { DTA of Ca 3Ce2Si4.

3.2.2 Crystal Structure of Ca 3Ce2Si4

Single crystal measurements were carried out on several crystals from the sys-

tem. The structure was solved by direct methods and gave the Pnma space

group. After absorption corrections (with the program SADABS) and re�ne-

ment the R values were R1 = 0.0249, wR2 = 0.0943. The crystal structure

is shown in the following diagrams and tables.

The electronic composition can be written as (Ca2+ )3(Ce3+ )2(Si6 {
2 )2 and

as expected the Si are in fact dumbbells with a Si-Si distance of 2.427(2)�A
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Table 3.1 { Crystallographic data for Ca 3Ce2Si4.

Empirical formula Ca3Ce2Si4
Formula weight 687.79
Temperature 293(2) K
Crystal system Orthorhombic
Space group Pnma (No. 62)
Volume [�A3] 934.08(11)�A3

Unit cell dimensions
a = 7.6145(5) �A
b = 15.3543(11)�A
c = 7.9894(6) �A

Formula units/cell 4
Density � calc [gcm� 3] 3.668
Absorption coe�cient � (MoK � ) 11.821 mm� 1

Crystal size 0.15 x 0.09 x 0.11 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method: exposure time/frame ! -scans; t = min
Theta range 2:65o � � � 34:02o

Index range -11� h � 11,
-24� k� 22,
-11� l� 12

Re
ections collected 13558
Independent re
ections 1854 Rint: = 0.0408
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 1854 / 0 / 48
d)GooF on F2 0.508
Final R indices[I> 2sigma(I)] a)R1 = 0.0177, b);c)wR2 = 0.0608
R indices (all data) a)R1 = 0.0253, b);c)wR2 = 0.0661
Largest di�. peak and hole 0.644 and -1.148 e� / �A � 3

a) R1=
P

( F o � F c )P
F o

; b) wR2=

r P
( w ( F 2

o � F 2
c ) 2 )

P
w ( F 2

o ) 2 , c) w= 1
� 2 ( F 2

o )+( g�P ) 2+ k �P )
, P = Max ( F 2

o ;0)+2 �F 2
c

3

k,g= Weights d) GooF =

r
P

( w ( F 2
o � F 2

c ) 2 )
( n � p) , n = n o of re
ections, p = n o of parameters,

e) R int =
P

F 2
o � �F 2

oP
F 2

o
, f ) Rsigma =

P
� ( F 2

o )
P

F 2
o
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Figure 3.5 { Structure of Ca 3Ce2Si4.

(Si4-Si5) and 2.460(2)�A (Si6-Si6) (see table 3.5).

Within the sample several crystals were measured and all are iso-structural,

although with varying composition. From another sample (with a starting

composition of 3Ca:2Ce:4.6Si), crystals were measured which are also iso-

structural, but have a higher cerium content. The various compositions can

be seen in table 3.6.

The structure type of this system, the Sm5Ge4 type, is known for

RE2RE '
3Si4 systems [43]. Whereas for many of the binary compounds of

cerium and silicon, the analogous calcium compound is known, Ca5Si4 is

not. This is unsurprising if the ZKB is considered for the structure types of

Zr5Si4 and Sm5Ge4. There are silicon dumbbells in the structure, so that a

minimum of 12 electrons would be required from the metal. This from �ve

calcium atoms is not possible and, in fact, the compound with the highest cal-

cium content found in this series is Ca3Ce2Si4 in which a total of 12 electrons

are available for donation from the metal centres. At higher cerium content,
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Table 3.2 { Atomic coordinates, Wycko� position, thermal displacement pa-
rameters (esd) [�A2 � 104] and site occupation factors (esd) for Ca3Ce2Si4. Ueq
is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ce(1) 8d 0.0345(1) 0.4009(1) 0.6866(1) 146(1) 0.54(1)
Ca(1) 8d 0.0345(1) 0.4009(1) 0.6866(1) 146(1) 0.46(1)
Ce(2) 8d 0.1865(1) 0.3777(1) 1.1810(1) 129(1) 0.47(1)
Ca(2) 8d 0.1865(1) 0.3777(1) 1.1810(1) 129(1) 0.53(1)
Ca(3) 4c -0.1392(1) 1

4 0.9890(1) 151(2) 1
Si(1) 4c -0.2480(1) 1

4 0.6190(1) 142(2) 1
Si(2) 4c -0.0205(1) 1

4 0.4062(1) 147(2) 1
Si(3) 4c 0.1382(1) 0.5388(1) 0.9723(1) 145(2) 1

as in Ce5Si4, there is an excess of electrons if the structure is treated in terms

of the ZKB concept for example Ca1.7Ce3.3Si4� 1.3e-. This would imply that

either the charge on the Si is greater than six and would entail population of

the � � orbitals with probable back donation to the Ce-5d orbitals or residual

Ce f-state electrons or occupation of bands which derive from Ce d-states be-

cause the f-orbitals do not overlap. If f-occupation were the case, one would

expect heavy fermion e�ects, such as unusual contributions to molar heat

and unusual behaviour of electric conductivity.

Magnetic measurements were carried out on a powdered sample. From

these results, it can be seen from the T-loop measured at 50 Oe (�gure 3.6)

that an irreversible transition occurs at 3.5 K. This is shown in the di�erence

between the heating and the cooling curves. Above 9K, the susceptibility

follows the Curie-Weiss Law and, from the linear regression of the suscep-

tibility at high temperature (150-300K), a Curie-Weiss constant of 26 K is

found. This is indicative of dominating ferromagnetic interactions present in

the structure. However, the H loop, measured at 10 K, shows no remanence
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Table 3.3 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Ca3Ce2Si4. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � �
+ 2U 23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ce(1) 153(1) 160(1) 126(1) -18(1) 16(1) -22(1)
Ca(1) 153(1) 160(1) 126(1) -18(1) 16(1) -22(1)
Ce(2) 136(1) 132(1) 119(1) -2(1) -9(1) 4(1)
Ca(2) 136(1) 132(1) 119(1) -2(1) -9(1) 4(1)
Ca(3) 145(3) 167(3) 142(3) 0 5(2) 0
Si(1) 130(4) 177(4) 118(4) 0 5(3) 0
Si(2) 121(4) 185(4) 135(4) 0 12(3) 0
Si(3) 149(3) 152(3) 135(3) 25(2) -2(2) -21(2)

(�gure 3.7). Although no hysteresis is seen, the trace is a curve rather than

a straight line that one would expect for a paramagnetic or antiferromag-

netic system. This is an indication of there being localized moments in the

sample with no coupling present. This would suggest that the compound is

antiferromagnetic at low �elds, a reasonable assumption if the isolated mag-

netic centres present in the structure are considered, but decoupling of the

antiferromagnetism and ferromagnetism occurs at 50 Oe and higher.
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Table 3.4 { Interatomic distances, d, (esd) [�A] for Ca3Ce2Si4, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ce1jCa1 - Si3 3.1603(8) 1 Ca2jCe2 - Si3 2.9743(8) 1
- Si3 3.1639(8) 1 - Si3 3.0051(8) 1
- Si1 3.2076(8) 1 - Si3 3.0434(8) 1
- Si3 3.2127(8) 1 - Si2 3.0507(9) 1
- Si1 3.2445(8) 1 - Si2 3.0924(9) 1
- Si2 3.2507(8) 1 - Si1 3.1366(9) 1

Ca3 - Si2 3.0213(13) 1 Si1 - Si2 2.4273(15) 1
- Si1 3.0690(13) 1 - Ca3 3.0690(13) 1
- Si1 3.1025(13) 1 - Ca3 3.1025(13) 1
- Si3 3.2573(8) 2 - Ca2jCe2 3.1366(9) 2
- Si2 3.4536(14) 1 - Ce1jCa1 3.2076(8) 2

- Ce1jCa1 3.2445(8) 2

Si2 - Si1 2.4273(15) 1 Si3 - Si3 2.4604(11) 1
- Ca3 3.0213(13) 1 - Ca2jCe2 2.9743(8) 1
- Ca2jCe2 3.0507(9) 2 - Ca2jCe2 3.0051(8) 1
- Ca2jCe2 3.0924(9) 2 - Ca2jCe2 3.0434(8) 1
- Ce1jCa1 3.2507(8) 2 - Ce1jCa1 3.1603(8) 1
- Ca3 3.4536(14) 1 - Ce1jCa1 3.1639(8) 1

- Ce1jCa1 3.2127(8) 1
- Ca3 3.2573(8) 1

Table 3.5 { Si-Si distances in CaxCe5-xSi4

x Si1-Si2 Si3-Si3

2.97 2.427(1) 2.460(1)

1.68 2.440(2) 2.472(1)
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Figure 3.6 { Magnetic susceptibility of Ca 3Ce2Si4.

Figure 3.7 { Magnetization of Ca3Ce2Si4 measured at 10K
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Although Ce5Si4 does not crystallize in this space group, it crystallizes in

P41212 (92) and the structure is closely related, as can be seen in �gure 3.8.

(a) Ce5Si4

(b) Cax Ce5-x Si4

Figure 3.8 { Comparison of the structures of Ce5Si4 and CaxCe5-xSi4

Crystals with a very much lower calcium content were found to crystallize

in the P43212 (96) space group, which is related to P41212 (92) by inversion,

having a very small doping of calcium into the structure (�gure 3.9). The

compositions found are shown in table 3.7. As this is such a low calcium

content, Ca0.2Ce4.8Si4 was also re�ned without any calcium present (see ap-

pendix B) in the structure and the results of the two re�nements can be seen



56 Investigations into the Ca/Ce/Si System

Table 3.7 { Comparison of lattice data within the Ca xCe5-xSi4 system at low

values of x.

x a c SOF Ce3 R1 wR2 Si1-Si2

0.34 7.952(1) 15.261(1) 0.658(2) 0.034 0.081 2.437(3)

0.2 7.932(1) 15.279(1) 0.800(1) 0.016 0.035 2.440(3)

in table 3.12. From the di�erence in R values, it is reasonable to assume that

there is, in fact, a small doping of calcium into the structure. Despite the

seemingly complete phase width of the ternary compound there must be a

point at which the symmetry changes with high cerium ratio. This makes

sense since the 4a position remains una�ected at high calcium content whilst

the other metal positions exhibit mixed occupancy. In other words the direct

bond coordination of the Si1-Si2 bond by Ca (4a) in an in�nite chain seems

to be of special stability. This is supported by the observation that the small

bond Si-Si length variation at high Ca content equilibrates at low Ca doping.

Figure 3.9 { Structure of Ca 0.2Ce4.8Si4.
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Table 3.8 { Crystallographic data for Ca 0.2Ce4.8Si4

Empirical formula Ca0.2 Ce4.8 Si4
Formula weight 288.35
Temperature 293(2) K
Crystal system Tetragonal
Space group P4(3)2(1)2 (No. 96)
Volume [�A3] 961.3(4)�A3

Unit cell dimensions
a = 7.932(1) �A
c = 15.279(1) �A

Formula units/cell 4
Density � calc [gcm� 3] 5.479
Absorption coe�cient � (MoK � ) 22.793 mm� 1

Crystal size 0.12 x 0.10 x 0.08 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance; 30 mm
Method;exposure time/frame ! -scans; t = min
Theta range 2:89o � � � 23:34o

Index range -8� h � 8,
-8� k� 8,
-16� l� 16

Re
ections collected 7526
Independent re
ections 698 Rint: = 0.0738
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 698 / 0 / 44
d)GooF on F2 0.989
Final R indices[I> 2sigma(I)] a)R1 = 0.0163, b);c)wR2 = 0.0349
R indices (all data) a)R1 = 0.0186, b);c)R2 = 0.0352
Extinction 0.00491(13)
Largest di�. peak and hole 0.880 and -0.559 e� / �A � 3
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Table 3.9 { Atomic coordinates, Wycko� position, thermal displacement pa-
rameters (esd) [�A2 � 104] and site occupation factors (esd) for Ca0.2Ce4.8Si4.
Ueq is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ce(1) 8b 0.3737(1) 0.0194(1) 0.0492(1) 140(2) 1
Ce(2) 8b 0.3723(1) 0.4767(1) 0.1229(1) 125(2) 1
Ce(3) 4a 0.6929(1) -0.3071(1) 0 150(3) 0.80(1)
Ca(3) 4a 0.6929(1) -0.3071(1) 0 150(3) 0.20(1)
Si(1) 8b 0.6766(3) 0.3072(3) 0.0459(1) 145(6) 1
Si(2) 8b 0.0788(4) -0.2873(3) 0.0595(2) 151(6) 1

Table 3.10 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Ca0.2Ce4.8Si4. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � �
+ 2U 23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ce(1) 143(3) 131(3) 145(3) -16(2) 23(2) -11(2)
Ce(2) 129(3) 124(3) 123(3) 9(2) 16(2) 7(3)
Ce(3) 150(4) U11 149(5) -2(3) -U23 -3(4)
Ca(3) 150(4) U11 149(5) -2(3) -U23 -3(4)
Si(1) 136(16) 137(15) 162(12) -24(13) -13(11) 15(11)
Si(2) 164(16) 159(15) 132(12) 14(12) -1(11) 7(12)
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Table 3.11 { Interatomic distances, d, (esd) [�A] for Ca0.2Ce4.8Si4, n denotes
the frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ce1 - Si1 3.1274(24) 1 Ce2 - Si1 3.0033(25) 1
- Si1 3.1527(24) 1 - Si1 3.0036(24) 1
- Si2 3.1958(30) 1 - Si1 3.0707(24) 1
- Si2 3.2708(27) 1 - Si2 3.1336(27) 1
- Si1 3.3149(25) 1 - Si2 3.1405(29) 1
- Si2 3.3783(29) 1 - Si2 3.1503(26) 1

Ce3jCa3 - Si2 3.1388(26) 2 Si1 - Si2 2.4403(33) 1
- Si1 3.1415(26) 2 - Ce2 3.0033(25) 1
- Si2 3.1968(26) 2 - Ce2 3.0036(24) 1

- Ce2 3.0707(24) 1
- Ce1 3.1274(25) 1
- Ce3jCa3 3.1415(26) 1
- Ce1 3.1527(24) 1
- Ce1 3.3149(25) 1

Si2 - Si1 2.4403(36) 1
- Ce2 3.1336(27) 1
- Ce3jCa3 3.1388(26) 1
- Ce2 3.1405(29) 1
- Ce2 3.1503(25) 1
- Ce1 3.1958(25) 1
- Ce3jCa3 3.1968(33) 1
- Ce1 3.2708(27) 1
- Ce1 3.3783(29) 1

Table 3.12

x SOF Ce3 SOF Ca3 R1 wR2

0.2 0.800(2) 0.200(2) 0.0163 0.0352

0 1 0 0.0378 0.1000
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3.2.3 Ca xCe8-x Si5 system

Another crystal which was analysed was found to have the composition

Ca0.3Ce7.7Si5. A depiction of this structure can be seen in �gure 3.10a. It

contains both silicon-silicon dumbbells and isolated silicon anions. As in

the CaxCe5-xSi4 system, the dumbbells are coordinated by the position with

the most calcium present and metal positions with most cerium are isolated

cations. Although there is no Ce8Si5 structure known,CaxCe8-xSi5 does show

some similar features to that of Ce5Si3. The structure contains the same

blocks, but rather than running continuously, the blocks are separated by an

extra cerium layer. Owing to the small percentage of cerium in the structure,

it was re�ned with no calcium present (see appendix C) and a comparison of

the re�nement results can be seen in table 3.17. The slight improvement of

R values indicates that a calcium doped structure, although not de�nite, is

more likely.

In contrast to the 5:4 structure type discussed in the previous chapter,

the 5:3 type and its 8:5 derivative exhibit a direct in
uence of the change

of valence electron number by replacement of calcium for cerium. As one

can see from �gure 3.10, the ratio of isolated Si4 { anions to Si2 dumbbells is

reduced. In other words, an additional dumbbell section occurs in the unit

cell, pointing out that the overall state of reduction of silicon is lower for

the Ca-doped compound. Such subtle, but distinct changes are often found

in Zintl Phases, which is why it is even more notable when instead solid

solutions occur. This can be interpreted in such a way that the electronic

structure of the 5:3 type is much more sensitive to little electronic changes

whilst the 4:3 type is electronically quite robust.
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Table 3.13 { Crystallographic data for Ca 0.3Ce7.7Si5

Empirical formula Ca0.3Ce7.7Si5
Formula weight 351.97
Temperature 293(2) K
Crystal system Tetragonal
Space group I4/mcm (No.140 )
Volume [�A3] 1395.6(2)�A3

Unit cell dimensions
a = 7.855(1) �A
c = 22.615(2) �A

Formula units/cell 4
Density � calc [gcm� 3] 5.863
Absorption coe�cient � (MoK � ) 25.066 mm� 1

Crystal size 0.20 x 0.16 x 0.14 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method; exposure time/frame ! -scans; t = min
Theta range 1:80o � � � 34:01o

Index range -12� h � 11,
-11� k� 12,
-33� l� 34

Re
ections collected 10015
Independent re
ections 763 Rint: = 0.0877
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 763 / 0 / 23
d)GooF on F2 1.051
Final R indices[I> 2sigma(I)] a)R1 = 0.0308, b);c)wR2 = 0.0878
R indices (all data) a)R1 = 0.0448, b);c)wR2 = 0.0901
Largest di�. peak and hole 7.801 and -2.063 e� / �A � 3
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(a) Cax Ce8-x Si5

(b) Ce5Si3

Figure 3.10 { Crystal structures of Ca xCe8-xSi5 and Ce5Si3
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Table 3.14 { Atomic coordinates, Wycko� position, thermal displacement
parameters (esd) [�A2 � 104] and site occupation factors (esd) for Ca0.3Ce7.7Si5.
Ueq is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ce(1) 8h 0.3217(1) 0.1783(1) 0 191(2) 1
Ce(2) 16l 0.6749(1) 0.8251(1) 0.8122(1) 151(2) 1
Ce(3) 8f 0 0 0.0993(1) 220(3) 0.86(1)
Ca(3) 8f 0 0 0.0993(1) 220(3) 0.14(1)
Si(1) 16l 0.1115(2) 0.3885(2) 0.0959(1) 148(5) 1
Si(2) 4a 0 0 1

4 172(9) 1

Table 3.15 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Ca0.3Ce7.7Si5. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � �
+ 2U 23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ce(1) 228(3) U11 115(3) 0 0 72(3)
Ce(2) 157(2) U11 140(3) -4(1) 4(1) 4(2)
Ce(3) 168(3) U11 324(5) 0 0 0
Ca(3) 168(3) U11 324(5) 0 0 0
Si(1) 152(7) U11 138(11) -4(6) 4(6) 17(8)
Si(2) 159(13) 1U11 200(30) 0 0 0
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Table 3.16 { Interatomic distances, d, (esd) [�A] for Ca0.3Ce7.7Si5, n denotes
the frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ce1 - Si1 3.187(2) 2 Ce2 - Si1 3.104(2) 2
- Si1 3.188(2) 4 - Si1 3.155(2) 1

- Si2 3.2229(4) 2
- Ce2 3.2698(7) 1

Ce3jCa3 - Si1 3.176(1) 4 Si1 - Si1 2.477(2) 1
- Si2 3.407(1) 1 - Ce2 3.104(2) 2

- Ce2 3.155(2) 1
- Ce3jCa3 3.176(1) 2
- Ce1 3.187(2) 1
- Ce1 3.188(2) 2

Si2 - Ce2 3.2229(4) 8
- Ce3jCa3 3.407(1) 2

Table 3.17

x SOF Ce3 SOF Ca3 R1 wR2

0.3 0.863(1) 0.137(1) 0.0308 0.0901

0 1 0 0.0384 0.1244
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3.2.4 CaCe 2Si2

From a sample (starting composition 3Ca : 2Ce : 4.1Si) single crystals were se-

lected, prepared and measured which give the composition CaCe2Si2. These

were also solved using direct methods to give the following structure in the

P4/mbm space group shown in �gure 3.11.

Figure 3.11 { Crystal Structure of CaCe 2Si2.

This structure type is that of U3Si2 and not as one might have expected

from many other compounds of 1:2:2 composition either the ThSr2Si2 or the

CaAl2Si2 type. It is also easily illustrated that the U3Si2 structure actually

is a ternary crystal structure type because it shows a clear-cut di�erentiation

of the cation functions, i.e. blue vs. red in �gure 3.11. The silicon atoms are,

at 2.41�A, at a normal distance known for Si-Si single bonds. As such the

formula can be written as Ca2+ (Ce3+ )2(Si6 {
2 )�2e-.

Contrary to the structure of Ca2Ce3Si4, here there are two distinct regions

in the structure and there is a marked distinction between the calcium and

cerium sites. Each cerium is centred in a slightly distorted pentagonal prism
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of ten atoms, four calcium and six silicon (in each pentagon by both the

silicon atoms from s dumbbell and by one end of a dumbbell) as shown in

�gure 3.12a. The cerium atoms are in the (002) plane, the calcium and silicon

in the (001) plane. The calcium atoms are surrounded by a cube of cerium

atoms and within the plane, the faces of this cerium cube are capped by the

end of a silicon dumbbell and can be seen in �gure 3.12b.

(a) Cerium environment (b) Calcium environment

Figure 3.12 { Cerium (a) and calcium (b) environments in CaCe2Si2.

The calcium and silicon atoms form common planes in between the cerium

layers so giving rise to a clear separation of the valence states of silicon into

in-plane states which are derived from s, px, and py valence orbitals and

states which are perpendicular and only able to utilize pz orbitals. This

gives rise to a kind of in-plane� -bonded Ca-Si system and a block centred

by cerium atoms where Si-� states and cerium d-states have a common space.

The seemingly unusual splitting of the s states of silicon (there is only one

silicon crystallographic site present, therefore one would not expect splitting

of the s-state to occur) can be explained through interaction with calcium

states within the ab plane and and cerium states above and below the ab

plane. Similarly, the di�erences in the p states are easily understood. The
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silicon-silicon dumbbells are in the ab plane, and so the p� have di�ering px

and py contributions. The pz is di�erent by symmetry, pointing not along

the CaSi plane but down to the cerium layer (see �gure 3.14).

Band structure (�gure 3.13a1) and density of states (�gure 3.13b) calcu-

lations show that the only orbital with any large contribution at the Fermi

level is the f states of the cerium atoms, however, they are localized and so

the compound can be described as a bad metal.

(a) (b)

Figure 3.13 { Band Structure (a) and Density of States (b) of CaCe2Si2

The CASTEP calculation shows a charge distribution of

Ca0�91+ Ce0�07+
2 Si0�52 {

2 and the only overlap2 is found between Si3-Si4

and Si1-Si2 (see tables 3.18 and 3.19). There is no overlap found between

any of the other elements. However, it is known from ELF investigations

that interactions with d-states appear only in a very weak way despite the

1Critical points of the Brillouin Zone: � q/ F = (000), Z = (00 1
2 ), M = ( 1

2
1
2 0), A =

( 1
2

1
2

1
2 ), R = (0 1

2
1
2 ), X = (0 1

2 0)
2The population calculated is an indication of the degree of bonding between the two

atoms. When population = 0, the interaction is purely ionic and the states are non-

overlapping. A population of 1 is indicative of an entirely covalent bond.
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(a) PDOS for CaCe2Si2 (b) PDOS for CaCe2Si2 (Ca)

(c) PDOS for CaCe2Si2 (Ce) (d) PDOS for CaCe2Si2 (Si)

Figure 3.14 { Partial Density of States for CaCe2Si2

fact that they are expected to be there. Furthermore, the Ce-Ce distances

are in the range of those in pure cerium metal. It is a common fact that

the e�ective charges are much smaller than the formal ones which are the

foundation of counting rules. This is partly due to the fact that they are

calculated by Mulliken splitting between atoms which in most cases does

not re
ect the real bonding situation. It should be noted that the main

partial DOS contributions which can enter into bonding are cerium d- and

silicon p-states. Again the calcium atoms populate those positions which
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run in stacks with Si-Si bonds while the cerium centres form quite dense

metal layers. Under such a view one might consider the structure as an

intergrowth of a Zintl phase with an intermetallic or even elemental partial

structure. As the calcium cannot provide enough electrons to install the

Si-Si dumbbell there must be an electron transfer from the layers of the

cerium atoms. Consequently the layers may be interpreted as polycationic

arrays.

The charge spilling parameter for the spin component is 0.18% and the

band spilling parameter for the spin component is 0.27%. These values are

well below 1% and show that the orbitals and bands used in the calculation

are very good in accounting for those of the system.

It is interesting to note that the much more frequently occurring ThCr2Si2

structure type contains a layered metal sublattice too. It has a quadratic

layer, in which the bonding structure is also di�cult to elucidate [53, 54] be-

cause it is part of a 5-centre bond and hardly shows up in pair interaction

analysis. Even more interesting is that exactly that kind of layer is responsi-

ble for the novel high Tc compounds LnFeAsO where the interaction of the

iron atoms which constitute that layer are responsible for the superconduc-

tivity.
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Table 3.18 { Atomic Populations

Species Ion s p d f Total Charge (e)

Si 1 1.49 3.03 0.00 0.00 4.52 -0.52
Si 2 1.49 3.03 0.00 0.00 4.52 -0.52
Si 3 1.49 3.03 0.00 0.00 4.52 -0.52
Si 4 1.49 3.03 0.00 0.00 4.52 -0.52
Ca 1 2.39 5.99 0.72 0.00 9.09 0.91
Ca 2 2.39 5.99 0.72 0.00 9.09 0.91
Ce 1 2.33 6.45 2.07 1.08 11.93 0.07
Ce 2 2.33 6.45 2.07 1.08 11.93 0.07
Ce 3 2.33 6.45 2.07 1.08 11.93 0.07
Ce 4 2.33 6.45 2.07 1.08 11.93 0.07

Table 3.19 { CASTEP Bonding Interactions

Bond Population Length (�A)

Si 003 { Si 004 0.53 2.412
Si 001 { Si 002 0.53 2.412
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Table 3.20 { Crystallographic data for CaCe2Si2

Empirical formula CaCe2Si2
Formula weight 251.00
Temperature 293(2) K
Crystal system Tetragonal
Space group P4/mbm (No. 127)
Volume [�A3] 263.25(3)�A3

Unit cell dimensions
a = 7.7160(4) �A
c = 4.4217(4) �A

Formula units/cell 3
Density � calc [gcm� 3] 4.750
Absorption coe�cient � (MoK � ) 18.317 mm� 1

Crystal size 0.16 x 0.18 x 0.14 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method: exposure time/frame ! -scans; t = min
Theta range 3:73o � � � 34:08o

Index range -11� h � 11,
-12� k� 12,
-6� l� 6

Re
ections collected 3829
Independent re
ections 312 Rint: = 0.0810
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 312 / 0 / 12
d)GooF on F2 1.368
Final R indices[I> 2sigma(I)] a)R1 = 0.0341, b);c)wR2 = 0.0812
R indices (all data) a)R1 = 0.0341, b);c)wR2 = 0.0812
Extinction 0.063(5)
Largest di�. peak and hole 2.173 and -1.998 e� / �A � 3
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Table 3.21 { Atomic coordinates, Wycko� position, thermal displacement
parameters (esd) [�A2 � 104] and site occupation factors (esd) for CaCe2Si2. Ueq
is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ce(1) 4h 0.3222(1) 0.1778(1) 1
2 101(3) 1

Ca(1) 2a 0 0 0 75(5) 1
Si(1) 4g 0.6105(3) 0.1105(3) 0 100(6) 1

Table 3.22 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for CaCe2Si2. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � � +
2U23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ce(1) 105(3) U11 92(3) 0 0 14(2)
Ca(1) 62(7) U11 100(11) 0 0 0
Si(1) 100(8) U11 101(12) 0 0 -1(10)

Table 3.23 { Interatomic distances, d, (esd) [�A] for CaCe2Si2, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ce1 - Si1 3.1788(17) 4 Ca1 - Si1 3.1240(23) 4
- Si1 3.1978(17) 2

Si1 - Si1 2.4116(33) 1
- Ca1 3.1240(23) 2
- Ce1 3.1788(17) 4
- Ce1 3.1978(17) 2



Chapter 4

Investigations into the

Sr/Si/Sn System

4.1 Literature of known binary phases

There are several known binary phases of strontium and silicon.� - and

� - SrSi2 [55, 56], SrSi and Si2Si [57], Sr2Si3 [58], Sr4Si7 [59] (although this is

probably better described as belonging to the SrSi2-x system [56]), Sr5Si3 [60]

and the high pressure form SrSi6 [61]. Like the rest of the alkali metals,

the monosilicide crystallizes in the CrB structure type with1
1 [Si2 { ] zig-zag

chains with the metal ions in a trigonal prismatic arrangement around the

Si of the chain (�gure 4.1c). Sr2Si consists of isolated Si4 { anions (�gure

4.1d), Sr5Si3 contains both Si6 {
2 dumbbells and isolated Si4 { anions (�gure

4.1e) and the SrSi2 modi�cations both have 3-D silicon networks (�gure 4.1a

and b).

73
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(a) � -SrSi2

(b) � - SrSi2

Figure 4.1 { Structures of the various Strontium Silicides
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(c) SrSi

(d) Si2Si

Figure 4.1 { Structures of the various Strontium Silicides
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(e) Sr5Si3

(f ) SrSi6

Figure 4.1 { Structures of the various Strontium Silicides
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The phase diagram of Sr and Sn shows six room temperature binary

compounds [62]. These are Sr2Sn, Sr5Sn3, SrSn, Sr3Sn5, SrSn3 and SrSn4.

As with the strontium silicides, Sr2Sn contains isolated Sn4 { anions (�g-

ure 4.2a); Sr5Sn3 Sn6 {
2 dumbbells and isolated Sn4 { anions (�gure 4.2b) [63];

and SrSn 1
1 [Sn2 { ] zig-zag chains (�gure 4.2c). However, moving towards

the tin rich end of the system, the compounds can no longer be described

solely by the Zintl-Klemm concept. Sr3Sn5 can be divided into anionic and

cationic components according to the Zintl rule (Sr2+
3 )[Sn6 {

5 ] [64]. However,

the anionic component can not be described by the (8-N) Rule but is electron

de�cient and follows Wade's rules as a distorted square pyramid (�gure 4.2d).

The structure of SrSn3 is built up from two close-packed layers of 1Sr:3Sn so

that the Sr atoms exhibit hexagonal symmetry (�gure 4.2e and f). The struc-

ture can be described as Sr2+ Sn2 {
3 using the Zintl-Klemm concept with the

triangular Sn2 {
3 anion having a 2� aromatic system (c.f. cyclopropenyl cation

C3R +
3 except that in this case R is a free electron pair on the tin atom), with

interaction of these along the stacking direction [65]. The Sn-richest com-

pound of this system, SrSn4, has a distorted quadratic net of tin atoms with

strontium in the channels (�gure 4.2g) [66]. Using the Zintl-Klemm concept,

it can be described as [Sr2+ ][(3b)Sn { ]2[Sn0]2 with delocalized bonds between

the tin atoms in the `metallic' part of the structure connecting the covalently

bonded tin nets.
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(a) Sr2Sn

(b) Sr5Sn3

(c) SrSn

Figure 4.2 { Structures of the various Strontium Stannides
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(d) Sr3Sn5

(e) SrSn3

Figure 4.2 { Structures of the various Strontium Stannides
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(f ) SrSn3 viewed down the c axis

(g) SrSn4

Figure 4.2 { Structures of the various Strontium Stannides
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4.2 Ternary Phases

There are no known ternary phases of strontium, silicon and tin.

Figure 4.3 { Ternary phase diagram of the Sr/Si/Sn system. Known binary

phases are marked with� , experimental starting compositions with � and

ternary compounds with F .

4.2.1 Sr 2SiSn

Sr2SiSn was synthesized by combination of the elements in a 2:1:1 ratio inside

a sealed tantalum ampoule. It was heated to 1460o C, held for 10 hours before

being cooled at 50o/hr to room temperature. Grey crystals were formed.

One, 0.18 x 0.20 x 0.14 mm was picked and analysed. The structure was

solved and re�ned in the Cmcm space group. A composition of Sr2SiSn was
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found. The phase is isostructural with both SrSn and SrSi. The structure was

re�ned with a mixed occupancy of Si/Sn and as such can be regarded as SrT

where T is the tetrel atom. Using the Zintl-Klemm-Busmann concept, it can

be formulated as Sr2+ (Si0.5Sn0.5)
2 { . The T atoms form in�nite zig-zag chains

in which each tetrel atoms is singly bonded to two other tetrel atoms. When

the data for the series SrSi1-xSnx are compared, we see the expected trend

of decreasing size of the unit cell, increasing T-T length and decreasing T-

T-T angle as x increases. Thus, the values �t well with Vegard's Law which

states a linear relation between unit cell length and composition [67, 68].

Consequently, the Si and Sn occupy the same position in a 1:1 ratio as can

be seen in �gure 4.4. There are two general possibilities for local ordering:

either alternating sequences of Si and Sn or that each chain consists of one

element (one chain is purely a silicon chain, another a tin chain), but since

no superstructure is observed, there is no mutual ordering of the chains in

the unit cell.

Inspection of the crystallographic data and the distances reveals that

volumes and distances are in the expected intermediate range between the

two binary compounds. The facts that the thermal displacement parameters

are small and that the Si/Sn-Si/Sn bond distance is large are in favour of

alternating chains Si-Sn-Si-Sn. A superposition of the two pure chains would

have to lead to large displacements or split positions and di�erent possible

distances.

Owing to the structural similarity between this compound and both SrSi

and SrSn, the magnetic properties were measured (see chapter 7.8).
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Table 4.1 { Crystallographic data for Sr 2SiSn

Empirical formula Sr2SiSn
Formula weight 322.47
Temperature 293(2) K
Crystal system orthorhombic
Space group Cmcm (No.63)
Volume [�A3] 251.5(2)�A3

Unit cell dimensions
a = 4.976(3) �A
b = 11.736(6) �A
c = 4.306(2) �A

Formula units/cell 2
Density � calc [gcm� 3] 4.259
Absorption coe�cient � (MoK � ) 26.125 mm� 1

Crystal size 0.18 x 0.20 x 0.14 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance; 30 mm
Method;exposure time/frame ! -scans; t = min
Theta range 3:47o � � � 33:19o

Index range -7� h � 7,
-17� k� 17,
-6� l� 6

Re
ections collected 1806
Independent re
ections 287 Rint: = 0.0839
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 287 / 0 / 10
d)GooF on F2 1.014
Final R indices[I> 2sigma(I)] a)R1 = 0.0372, b);c)wR2 = 0.0835
R indices (all data) a)R1 = 0.0433, b);c)wR2 = 0.0854
Largest di�. peak and hole 1.592 and -1.433 e� / �A � 3

a) R1=
P

( F o � F c )P
F o

; b) wR2=

r P
( w ( F 2

o � F 2
c ) 2 )

P
w ( F 2

o ) 2 , c) w= 1
� 2 ( F 2

o )+( g�P ) 2+ k �P )
, P = Max ( F 2

o ;0)+2 �F 2
c

3

k,g= Weights d) GooF =

r
P

( w ( F 2
o � F 2

c ) 2 )
( n � p) , n = n o of re
ections, p = n o of parameters,

e) R int =
P

F 2
o � �F 2

oP
F 2

o
, f ) Rsigma =

P
� ( F 2

o )
P

F 2
o
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Figure 4.4 { Structure of Sr 2SiSn

Table 4.2 { Atomic coordinates, Wycko� position, thermal displacement pa-
rameters (esd) [�A2 � 104] and site occupation factors (esd) for Sr2SiSn. Ueq is
de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Sn(1) 4c 0 0.4241(1) 1
4 221(3) 0.50(1)

Si(1) 4c 0 0.4241(1) 1
4 221(3) 0.50(1)

Sr(1) 4c 0 0.1376(1) 1
4 221(3) 1

Table 4.3 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Sr2SiSn. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � � +
2U23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Sn(1) 175(5) 226(5) 260(6) 0 0 0
Si(1) 175(5) 226(5) 260(6) 0 0 0
Sr(1) 198(4) 220(4) 246(5) 0 0 0
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Table 4.4 { Interatomic distances, d, (esd) [�A] for , n denotes the frequency
of the corresponding distances.

Atom Pair d n Atom Pair d n

Sn1jSi1 - Sn1jSi1 2.7939(10) 2 Sr1 - Sn1jSi1 3.3621(17) 1
- Sr1 3.3621(17) 1 - Sn1jSi1 3.3693(12) 4
- Sr1 3.3693(12) 4

Figure 4.5 { Comparison of the cell volumes of SrSi1-xSnx shows that the

series �ts well to Vegard's Rule
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4.2.2 Sr 20Si5Sn7

The elements in a ratio of 8:6:2 Sr:Si:Sn were placed in a tantalum ampoule

and heated to 1470o C, held for 10 hours and cooled at 25o/hr. The product

formed grey crystals. One, 0.20 x 0.18 x 0.18 mm was picked and analysed.

The data statistics hints at Laue symmetry 4mm with an additional I cen-

tering. The structure was solved and re�ned in the I�4c2 space group (No

120). The composition was found to be Sr20Si5Sn7 (or Sr20X12). From the

powder analysis it can be seen that both Sr20Si5Sn7 and SrSi are present in

the sample (see �gure 4.6). Synthesis using a starting ratio of Sr20Si5Sn7

was unsuccessful for preparation of a pure phase, so it is assumed that this

compound decomposes peritectically into binary border phase one of which

is of SrSi.

Figure 4.6 { Powder analysis of product (-)and its comparison to the theo-

retical patterns of Sr20Si5Sn7 (-) and SrSi (-) [57]
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As in the case of Sr2SiSn, the silicon and tin atoms occupy the same po-

sition and so the formula can be reduced to Sr5SixSn3-x where x 0� x� 3. In

this case x=1.25. Although Sr20Si5Sn7 crystallizes in the I�4c2 space group

(No 120) whereas both Sr5Sn3 and Sr5Si3 crystallize in the I4/mcm space

group (No 140), they all have essentially the same structure. The di�erence

in space group results from loss of symmetry by mixed occupation of only

one of the tetrel sites which means that the ternary structure is partially

ordered. This exempli�es again an evolution of a binary structure into a

ternary structure type. The discussion of local ordering goes along the same

lines as in the previous chapter. Comparison of the development of unit cell

volumes and bond distance con�rm the intermediate ternary phase. Further-

more, the dumbbells are most likely Si-Sn species because there are no large

displacements of the tetrel positions and the bond distance is of the length

of an intermediate one.

There are two di�erent tetrel sites in the structure. One is an isolated

anion, Sn4 { (Sn1), the other position is occupied by Sn(4)/Si(4), and the

atoms on this position form a dumbbell with their symmetry equivalent. We

can formulate this as [Sr2+ ]5Sn4 { T 6 {
2 . It is interesting to note the counter-

intuitive positions adopted by the atoms. Silicon is generally thought of

as being more electronegative than tin, yet it is the tin rather than the

silicon/tin mix which occupies the position with most electrons available.

In fact, looking more closely at the electronegativity values for this group

(see table 4.6), it depends on which scale one looks at as to which is most

electronegative1. Furthermore, it should be noted that electronegativity is

1Pauling electronegativity is related to the energetics of bond formation; Mulliken

electronegativity is de�ned by � M = 1
2 (I + Ea) where I is the ionization energy and Ea

the electron a�nity of the atom; Allred-Rochow electronegativity is calculated from the

electric �eld on the surface of an atom � AR = 0 :744 + 35:90Z ef f

( r=pm )2 where r is the covalent
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Table 4.6 { Electronegativities of Group IV elements [69]

Element Pauling � p Mulliken � M Allred-Rochow � AR

C 2.55 2.67 2.50

Si 1.90 2.03 1.74

Ge 2.01 1.95 2.02

Sn 1.96 1.83 1.72

Pb 2.33 1.90 1.55

not a constant for an atom type but changes with charge. As a general

trend it is found that large atoms lose less electronegativity on reduction

than smaller ones.

Figure 4.7 { Crystal structure of Sr 20Si5Sn7

radius of the atom and Ze� the e�ective nuclear charge.
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Table 4.7 { Crystallographic data for Sr 20Si5Sn7

Empirical formula Sr20Si5Sn7
Formula weight 226.75
Temperature 293(2) K
Crystal system Tetragonal
Space group I�4c2 (No. 120 )
Volume [�A3] 1126.6(3)�A3

Unit cell dimensions
a = 8.3723(12)�A � = 90 o

c = 16.073(3) �A 
 = 90 o

Formula units/cell 12
Density � calc [gcm� 3] 4.010
Absorption coe�cient � (MoK � ) 27.351 mm� 1

Crystal size 0.20 x 0.18 x 0.18 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method, exposure time/frame ! -scans; t = min
Theta range 2:53o � � � 33:75o

Index range -12� h � 12,
-13� k� 13,
-23� l� 24

Re
ections collected 7944
Independent re
ections 1073 Rint: = 0.1494
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 1073 / 0 / 22
d)GooF on F2 0.964
Final R indices[I> 2sigma(I)] a)R1 = 0.0409, b);c)wR2 = 0.0765
R indices (all data) a)R1 = 0.0813, b);c)wR2 = 0.0825
Extinction 0.00029(9)
Largest di�. peak and hole 2.004 and -0.823 e� / �A � 3

a ) R 1 =
P

( F o � F c )P
F o

; b) wR 2 =

r P
( w ( F 2

o � F 2
c ) 2 )

P
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Table 4.8 { Atomic coordinates, Wycko� position, thermal displacement pa-
rameters (esd) [�A2 � 104] and site occupation factors (esd) for Sr20Si5Sn7. Ueq
is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Sr(1) 16i 0.8227(3) 0.1763(3) 0.3891(1) 241(2) 1
Sr(2) 4c 1

2 0 1
4 268(3) 1

Sn(1) 4d 1
2 0 0 211(2) 1

Sn(2) 8e 1.1155(1) x 1
4 194(4) 0.37(1)

Si(2) 8e 1.1155(1) x 1
4 194(4) 0.63(1)

Table 4.9 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Sr20Si5Sn7. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � � +
2U23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Sr(1) 282(12) 174(10) 266(4) -14(11) 75(11) -27(2)
Sr(2) 199(4) U11 405(8) 0 0 0
Sn(1) 196(3) U11 242(5) 0 0 -10(20)
Sn(2) 185(4) U11 212(7) -20(20) -U23 15(5)
Si(2) 185(4) U11 212(7) -20(20) -U23 15(5)
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Table 4.10 { Interatomic distances, d, (esd) [�A] for Sr20Si5Sn7, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Sn1 - Sr1 3.5578(22) 4 Sr2 - Si2jSn2 3.3612(9) 4
- Sr1 3.5676(22) 4 - Sr1 3.8044(21) 4

- Sr1 3.8136(21) 4

Sr1 - Si2jSn2 3.3231(20) 1 Si2jSn2 - Si2jSn2 2.7353(12) 1
- Si2jSn2 3.3514(21) 1 - Sr1 3.3231(20) 2
- Si2jSn2 3.3563(21) 1 - Sr1 3.3514(21) 2
- Sn1 3.5578(22) 1 - Sr1 3.3563(21) 2
- Sn1 3.5676(22) 1 - Sr2 3.3612(9) 2
- Sr2 3.8044(21) 1
- Sr2 3.8136(21) 1
- Sr1 3.9652(19) 1
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Chapter 5

Investigations into the

Ba/Si/Sn System

5.1 Literature of known binary phases

The phase diagram of the Barium and Silicon binary system shows �ve in-

termediate compositions [70]. Ba2Si crystallizes in the Co2Si structure type

and has isolated Si4 { anions (�gure 5.1a). Ba5Si3 forms the Cr5B3 structure

and so can be described as (Ba2+ )(Si2) 6 { (Si) 4 { with isolated silicon anions

and Si-Si dumbbells(�gure 5.1b) [71]. BaSi crystallizes in the CrB struc-

ture type [72] with a zig-zag chain of silicon atoms forming (�gure 5.1c) (see

chapter 7.2). Ba3Si4 has a butter
y shaped anion and the formal charge dis-

tribution is [Ba 2+ ]3[(3b)Si { ]2[(2b)Si2 { ]2 (�gure 5.1d) [73]. It does however,

show metallic behaviour [74]. Unlike the other �Si2 compounds, BaSi2 forms

discrete but distorted [Si4] 4 { tetrahedra (�gure 5.1e) [75]. This is easily un-

derstood when the formal electron transfer is taken into account resulting

in Ba 2+ cations and Si{ anions. These are isoelectronic with white phos-

phorus which also forms tetrahedra. However, under high pressure, high

95
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temperature conditions, BaSi2 undergoes a phase transition from the stable

orthorhombic phase to trigonal (�gure 5.1f) and then to the cubic phase

(�gure 5.1g) [76, 77] of which the orthorhombic phase is semiconducting [78];

the trigonal phase is metallic and a superconductor [79] with the the silicon

forming 2D nets [80]; and the cubic phase has a network of 
attened, three-

bonded, silicon atoms of trigonal pyramidal conformation which are twisted

with respect to each other and so build a 3D network. The metal ions are

found in the holes in the network [81].

In the silicon rich side of the system the superconducting clathrates [82]

such as Ba8Si46 [83] and Ba24Si100 [84] can be synthesized at high pressure.

(a) Ba2Si

Figure 5.1 { Structures of the various Barium Silicides
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(b) Ba5Si3

(c) BaSi

Figure 5.1 { Structures of the various Barium Silicides
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(d) Ba3Si4

(e) BaSi2 - orthorhombic phase

Figure 5.1 { Structures of the various Barium Silicides
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(f ) BaSi2 - trigonal phase

(g) BaSi2 - cubic phase

Figure 5.1 { Structures of the various Barium Silicides
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The 1990 phase diagram of the BaSn system shows only Ba2Sn, BaSn3

and a possible BaSn5 [35]. Listed in the ICSD in addition to these are BaSn,

Ba5Sn3, Ba3Sn5 and BaSn5. Like its higher homologues, BaSn crystallizes in

the CrB structure-type (�gure 5.2a) (see chapter 7.2) [72, 85]. Ba2Sn crys-

tallizes in the anti-PbCl2 type with isolated Si4 { anions (�gure 5.2b) [86].

Superconducting BaSn3 has the Ni3Sn structure where the tin atoms occupy

the nickel positions (�gure 5.2c). Considering only the shortest Sn-Sn dis-

tances, the atoms can be said to form Sn2 {
3 anions with the barium transfer-

ring its valence electrons to the tin. These planar triangular units are stacked

above each other in a staggered conformation in a ABAB sequence. These

Sn2 {
3 anions can be compared to the aromatic cyclopropanyl cations, and the

slightly longer inter-triangular interactions can be seen as an interaction be-

tween the� system. If the longer Sn-Sn distance is taken into consideration,

these stacked triangular anions can be described as a chain of face shar-

ing Sn-Sn octahedra of11 Sn4 {
6 [87]. BaSn5 is also superconducting. It has

a primitive hexagonal structure with the tin atoms forming six-membered

rings in a graphite-like layer (�gure 5.2d). With the interlayer distances

between two layers marginally shorter than the Sn-Sn distance within the

hexagonal layer, the tin atoms form a hexagonal prism. In the centre of this

prism is another tin atom, with a coordination number of 12. Between these

prismatic layers there is a barium cation central to both the layers and the

hexagonal shape [88]. Ba5Sn3 has the tetragonal Cr5B3 structure type with

both isolated Sn4 { anions and Sn6 {
2 dumbbells (�gure 5.2e) [89]. Ba3Sn5,

like Sr3Sn5, crystallizes in the Pu3Pd5 structure type (�gure 5.2f). The an-

ions form Sn6 {
5 distorted square pyramidal structures. Following the ZKB

concept, the charges can be formally split to (Ba2+ )3[Sn6 {
5 ]. This however

leaves an electron count of 26 electrons which does not conform to the (8-N)
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rule, but can be described by Wade's Rules and thus by the Extended-ZKB

concept.

(a) BaSn

(b) Ba2Sn

Figure 5.2 { Structures of the various Barium Stannides
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(c) BaSn3

(d) BaSn5

Figure 5.2 { Structures of the various Barium Stannides



Literature of known binary phases 103

(e) Ba5Sn3

(f ) Ba3Sn5

Figure 5.2 { Structures of the various Barium Stannides
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5.2 Ternary Phases

There are no known ternary phases of barium silicon and tin. The known bi-

nary compounds, the experimental starting compositions and the discovered

crystal structures are shown in �gure 5.3.

Figure 5.3 { Ternary phase diagram of the Ba/Si/Sn system. Known binary

phases are marked with� , experimental starting compositions with � and

ternary compounds with F .

5.2.1 Ba 8Si6Sn

A tantalum ampoule was �lled with Ba, Si and Sn in a ratio of 9:9:1 and

heated to 1470o C for 5 hours and cooled to room temperature at a rate

of 100o C/hr. The product consists of dark grey crystals. One, measuring
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0.2 x 0.08 x 0.26 mm, was measured. Although the a and b lattice constants

are very similar (a = 8.785(1)�A and b = 8.765(1)�A), the internal R value of

a tetragonal P space group is 0.507 whereas that of an orthorhombic P is

0.083. The structure was therefore solved in the orthorhombic space group,

Pbcn (60).

Figure 5.4 { Structure of Ba 8Si6Sn

There are two distinct regions in the structure, that of BaSn and that

of BaSi (see �gure 5.4). The Sn4 { anions are isolated, whereas the silicon

atoms form a triangular structure. These silicon triangles are surrounded by

barium cations and are staggered with respect to each other.

The Si-Si distances are 2.41, 2.43 and 2.47�A, within the normal distance

for a Si-Si bond, and as such form a distorted triangle. Each of these is

surrounded by 13 barium cations. A barium cation coordinates over each

face of the Si3 triangle. The two short Si-Si bonds have two `bridging' barium

cations, the longer bond, only one. Each silicon has two `terminal' barium

cations. This gives total coordination number of the Si3 unit to be 13.

The closest distance between two Si3 units is 4.34�A. Each barium coordi-

nates to more than one silicon atom. Each tin is surrounded by eight barium
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Table 5.1 { Crystallographic data for Ba 8Si6Sn

Empirical formula Ba32Si24Sn4
Formula weight 5543.80
Temperature 293(2) K
Crystal system Orthorhombic
Space group Pbcn (No.60 )
Volume [�A3] 2094(2)�A3

Unit cell dimensions
a = 8.785(1) �A
b = 8.765(1) �A
c = 27.201(3) �A

Formula units/cell 1
Density � calc [gcm� 3] 4.395
Absorption coe�cient � (MoK � ) 16.266 mm� 1

Crystal size 0.08 x 0.26 x 0.20 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method; exposure time/frame ! -scans; t = min
Theta range 1:50o � � � 34:07o

Index range -13� h � 13,
-13� k� 13,
-41� l� 42

Re
ections collected 30681
Independent re
ections 4082 Rint: = 0.0546
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 4082 / 0 / 69
d)GooF on F2 1.140
Final R indices[I> 2� (I)] a)R1 = 0.0334, b);c)wR2 = 0.0578
R indices (all data) a)R1 = 0.0553, b);c)wR2 = 0.0612
Largest di�. peak and hole 1.215 and -1.821 e� / �A � 3

a) R1=
P

( F o � F c )P
F o

; b) wR2=

r P
( w ( F 2

o � F 2
c ) 2 )

P
w ( F 2

o ) 2 , c) w= 1
� 2 ( F 2

o )+( g�P ) 2+ k �P )
, P = Max ( F 2

o ;0)+2 �F 2
c

3

k,g= Weights d) GooF =

r
P

( w ( F 2
o � F 2

c ) 2 )
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e) R int =
P

F 2
o � �F 2

oP
F 2

o
, f ) Rsigma =

P
� ( F 2
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P
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Table 5.2 { Atomic coordinates, Wycko� position, thermal displacement pa-
rameters (esd) [�A2 � 104] and site occupation factors (esd) for Ba8Si6Sn. Ueq
is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ba(1) 8d 0.7115(1) -0.0065(1) 0.5218(1) 114(1) 1
Ba(2) 8d 0.6854(1) -0.0088(1) 0.6865(1) 138(1) 1
Ba(3) 8d 1.1754(1) -0.1305(1) 0.6754(1) 159(1) 1
Ba(4) 8d 1.0490(1) 0.1793(1) 0.5864(1) 198(1) 1
Sn(1) 4c 0 0.1748(1) 3

4 172(1) 1
Si(1) 8d 0.8672(1) -0.2320(2) 0.6080(1) 115(2) 1
Si(2) 8d 0.4283(1) 0.0752(1) 0.6008(1) 100(2) 1
Si(3) 8d 0.9397(1) 0.2066(1) 0.4544(1) 112(2) 1

cations in a distorted square antiprism arrangement.

With this composition, the formula can be written as follows:

(Ba 2+ )8((Si3) 6 { )2Sn4 { . Although this makes sense, it is possible that the

atom re�ned as Ba4 could be considered to be a tin atom since it has a large

atomic displacement factor. It is not possible to distinguish de�nitively be-

tween the two cases owing to the small di�erence in electron count between

the two. However, the structure has similarities to that of Ba4Si3Br2 (see

�gure 5.7) [90] and the coordination of Ba4 by 8 silicon centres only makes

sense if the central atom is a large cation. The relatively long distances

to the silicon neighbours can explain the large displacement of Ba4 in that

its e�ective cage is somewhat larger than those of the other barium atoms.

The Si3 cluster with its 13 direct neighbours very much resembles tri-nuclear

metal clusters such as Os3(CO)12 [91] and [Re3Cl12]
3 { [92].

The unit cell of Ba4Si3Br2 is monoclinic, P21/c, and is approximately half

the length in the c direction and containing only one `layer' whereas that of

Ba8Si6Sn contains two. Comparing the structures directly, we see that the
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Table 5.3 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Ba8Si6Sn. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � �
+ 2U 23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ba(1) 116(1) 111(1) 115(1) -2(1) 8(1) -6(1)
Ba(2) 142(1) 150(1) 120(1) 16(1) -10(1) 2(1)
Ba(3) 165(1) 149(1) 162(1) -27(1) -14(1) -6(1)
Ba(4) 157(1) 176(1) 262(2) -11(1) -29(1) 26(1)
Sn(1) 162(2) 148(2) 206(2) 0 -38(2) 0
Si(1) 116(6) 126(6) 104(6) 3(5) 0(5) 20(5)
Si(2) 91(5) 94(5) 116(6) 7(4) -4(4) -2(4)
Si(3) 127(6) 87(5) 122(6) 12(4) 38(5) 2(4)

Si3 units are in the same barium environments. For every Sn4 { there are

four Br { anions as one would expect from Zintl and valence rules.

Attempts were made to add more tin into the structure in order to see if

it was possible to form tin polyanions also, both via direct synthesis and by

reaction from the elements. Neither was successful.
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Table 5.4 { Interatomic distances, d, (esd) [�A] for Ba8Si6Sn, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ba1 - Si3 3.2962(11) 1 Ba2 - Si1 3.2640(13) 1
- Si1 3.3577(12) 1 - Si1 3.3065(11) 1
- Si2 3.3645(14) 1 - Si2 3.3278(13) 1
- Si3 3.3833(12) 1 - Sn1 3.6347(14) 1
- Si1 3.4298(13) 1 - Sn1 3.6515(13) 1
- Si3 3.5892(17) 1
- Si2 3.6043(18) 1
- Si3 3.6101(14) 1
- Ba4 3.8122(15) 1
- Ba1 3.9024(21) 1
- Ba4 3.9230(15) 1
- Ba4 3.9891(14) 1

Ba3 - Si1 3.3887(14) 1 Ba4 - Si2 3.4769(19) 1
- Si2 3.4057(13) 1 - Si2 3.4977(19) 1
- Si2 3.5070(12) 1 - Si3 3.5615(18) 1
- Sn1 3.6955(13) 1 - Si3 3.725(2) 1
- Si3 3.7324(19) 1 - Si3 3.7440(19) 1
- Ba4 3.8022(14) 1 - Si1 3.7829(21) 1
- Ba4 3.8067(13) 1 - Ba3 3.8022(14) 1
- Sn1 3.8942(15) 1 - Ba3 3.8067(13) 1

- Ba1 3.8122(15) 1
- Ba1 3.9230(15) 1
- Si1 3.9866(19) 1
- Ba1 3.9891(14) 1
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Table 5.4 { Interatomic distances, d, (esd) [�A] for Ba8Si6Sn, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Sn1 - Ba2 3.6347(14) 2 Si1 - Si3 2.4109(10) 1
- Ba2 3.6515(13) 2 - Si2 2.4744(10) 1
- Ba3 3.6955(13) 2 - Ba2 3.2640(13) 1
- Ba3 3.8942(15) 2 - Ba2 3.3065(11) 1

- Ba1 3.3577(12) 1
- Ba3 3.3887(14) 1
- Ba1 3.4298(13) 1
- Ba4 3.7829(21) 1
- Ba4 3.9866(19) 1

Si2 - Si3 2.4343(10) 1 Si3 - Si1 2.4109(10) 1
- Si1 2.4744(10) 1 - Si2 2.4343(10) 1
- Ba2 3.3278(13) 1 - Ba1 3.2962(11) 1
- Ba1 3.3645(14) 1 - Ba1 3.3833(12) 1
- Ba3 3.4057(13) 1 - Ba4 3.5615(18) 1
- Ba4 3.4769(19) 1 - Ba1 3.5891(17) 1
- Ba4 3.4977(19) 1 - Ba1 3.6101(14) 1
- Ba3 3.5070(12) 1 - Ba4 3.725(2) 1
- Ba1 3.6043(18) 1 - Ba3 3.7324(19) 1

- Ba4 3.7440(19) 1

Table 5.5 { Comparison of the lattice parameters of Ba8Si6Sn and Ba4Si3Br2

Ba8Si6Sn Ba4Si3Br2

Space Group Pbcn (orthorhombic) P21/c (monoclinic)

a/ �A 8.785(5) 15.040(2)

b / �A 8.765(5) 8.845(1)

c / �A 27.201(16) 8.802(1)

� 101.93(1)

Si-Si �A 2.411(1), 2.434(1), 2.474(1) 2.398(3),2.412(3), 2.485(3)
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(a) Single silicon triangle surrounded by barium cations

(b) Each barium coordinates to more than one triangle

Figure 5.5 { Coordination of a silicon triangle by barium atoms
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(a)

(b)

Figure 5.6 { Sn environment viewed a) along the c axis and b) down the b

axis
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Figure 5.7 { Structure of Ba 4Si3Br2
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Chapter 6

Investigations into the

Eu/Si/Sn Ternary System

6.1 Literature of known binary phases

There is no published phase diagram of the europium-silicon binary sys-

tem although crystal structures of several compositions are published in the

ICSD. Eu2Si crystallizes in the Co2Si (anti-PbCl2) structure type (�gure

6.1a). There are two europium sites, both contain Eu2+ cations and the

charge is transferred to the isolated Si4 { anion [93]. Eu5Si3 crystallizes in the

Cr5B3 structure type (�gure 6.1b) and so has (Eu2+ )(Si2) 6 { (Si) 4 { [39]. EuSi

crystallizes in the CrB structure type (�gure 6.1c) (see chapter 7.2) [85]. It ex-

hibits very interesting magnetic behaviour with several magnetic phase tran-

sitions below 150K. Consequently, diluted spin systems have been searched

for and found in the system Ba/Eu/Si with Ba1-xEuxSi yielding the full phase

width 0� x� 1 [94]. Magnetic investigations in the phase width revealed com-

plex magnetic phase systems for x 0.3. As the superexchange via the soft

silicon-based Zintl anion turned out to be very strong it was anticipated that

115
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in europium tin compounds might such e�ects even be enhanced.

Eu3Si4 can be described as a derivative of the Ta3B4 type [95]. The ideal

structure has planar edge-sharing Si6 hexagons formed by three-bonded and

two-bonded silicons (�gure 6.1d) [94]. Adjacent chains are shifted with re-

spect to each other by (12
1
20) and the europium cations are between the lay-

ers, centrally with respect to the hexagon and in the v formed by the joined

hexagons. In reality, the hexagons are not entirely planar but are, to a small

extent, deformed into either the boat or chair conformation.

Unlike its neighbours, Sm and Gd EuSi2 crystallizes in the � -ThSi2 [45]

type forming a net of (3b) silicon atoms (�gure 6.1e), like the alkaline earth

disilicides [96]. Proceeding across the lanthanide series, the unit cell size of

RESi2 decreases and the symmetry changes from tetragonal to orthorhom-

bic. This is a result of the lanthanide contraction, with the higher atomic

numbers and smaller e�ective sizes of the ions. Europium (and Ytterbium)

are exceptions to this rule, often favouring a divalent ion rather than triva-

lent owing to the increased stability of the half-�lled 4f shell. This means

that they are larger than their neighbours and so EuSi2 crystallizes in the

tetragonal rather than the orthorhombic system. It is an old �nding that

the orthorhombic structure contains defects in the silicon sublattice due to

additional reduction of the Si centres through the larger charge transfer of

the trivalent lanthanides. A closer look at the orthorhombic structure has

recently revealed that the real structure is indeed an nearly completely or-

dered adaptation to the change of formal charge and thus an enforcement of

the Zintl-Klemm concept [97].

At high pressure and high temperature, EuSi6 can be made (�gure 6.1f).

Unlike the other europium silicides, the electronic structure does not �t with

the ZKB concept. The silicon atoms form a 3D network and each has four
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bonds. The electronic formula can be written as Eu2+ [(4b)Si0]6�2 e{ . The

silicon-silicon distances are longer than in elemental silicon and so it is as-

sumed that the extra electrons are to be found in anti-bonding silicon or-

bitals [98].

This is in line with other investigations on the competition of valence

conformal defect formation and localization vs. metallic properties in tetra-

hedral tetrel frameworks (cf. Chapter 1.3.1 and [17]). The interesting point

is that chlathrate-like tetrel frameworks only allow for defect formation if

the distances in the framework are large enough to host the four lone pairs

around the the defect which are directed towards each other. In general this

is not the case for silicon but very much so for germanium and tin frameworks

as demonstrated by K8Si46 and K8Ge44. In such cases the silicides are better

o� with nonlocalized excess electrons. However one should not misunder-

stand that this is an e�ect which has to do with the structural con�nement

of defects in tetrahedral environment.

(a) Eu2Si

Figure 6.1 { Structures of the various Europium Silicides
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(b) Eu5Si3

(c) EuSi

(d) Eu3Si4

Figure 6.1 { Structures of the various Europium Silicides
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(e) EuSi2

(f ) EuSi6

Figure 6.1 { Structures of the various Europium Silicides
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There are �ve known binary compounds in the Eu-Sn system [99]. Eu2Sn

forms the CoSi2-type structure (�gure 6.2a) [99]. Eu5Sn3 crystallizes with the

W5Si3 structure type (�gure 6.2b). It has a linear chain of 1
1 [Sn2 { ] atoms

running through the unit cell as well as isolated Sn4 { anions [99]. EuSn crys-

tallizes in the CrB structure type (�gure 6.2c) (see chapter 7.2) [85]. Eu3Sn5

is isotypic with both Sr3Sn5 and Ba3Sn5 and crystallizes in the Pu3Pd5 struc-

ture type [100]. The anions form Sn6 {
5 distorted square pyramidal structures

(�gure 6.2d). Following the ZKB concept, the charges can be formally split to

(Eu 2+ )3[Sn6 {
5 ]. EuSn3 (�gure 6.2e) crystallizes in the Cu3Au structure [101].

(a) Eu2Sn

Figure 6.2 { Structures of the various Europium Stannides
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(b) Eu5Sn3

(c) EuSn

Figure 6.2 { Structures of the various Europium Stannides
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(d) Eu3Sn5

(e) EuSn3

Figure 6.2 { Structures of the various Europium Stannides
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6.2 Ternary Phases

There are no known ternary phases of europium, silicon and tin. The known

binary compounds and the experimental starting compositions are shown in

�gure 6.3.

Figure 6.3 { Ternary phase diagram of the Eu/Si/Sn system. Known binary

phases are marked with� and experimental starting compositions with �

6.2.1 Eu 3OSn0.75Si0.25

The elements Eu, Si and Sn were taken together in a 8:6:1 ratio and heated

in a sealed tantalum ampoule at 1470o C. Of the resultant grey crystals,

one, size: 0.28 x 0.12 x 0.16 mm was taken and measured. Initially, the

space group found was an F centred unit cell; however, on inspection of the



124 Investigations into the Eu/Si/Sn Ternary System

reciprocal space, it can be seen (�gure 6.4) that the 010 re
ection is present,

which violates the conditions of an F-centred cell. Hence the structure was

solved and re�ned in the Pm3m space group (No 221).

Figure 6.4 { The reciprocal space of Eu2Si3Sn5.2 showing the presence of the

010 re
ection.

Interestingly the data set can be re�ned by two di�erent structural models

namely as Eu3SnO with reliability factor of R=4.6% and as Eu2Si3Sn5.2 with

R=4.4%. This is one of the rare cases where a very overdetermined set of data

like those of scattering experiments can be �tted equally well by competing

parameters sets! There are just a few such cases known in literature out of

the millions of structure determinations which have been published so far.

One model, with a formula of Eu2Si3Sn5.2, has europium at the cell cor-

ners, tin on the faces and silicon along the cell edges, with an occupancy of
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1
3 . The other, Eu3SnO, has tin at the cell corners, europium on the faces and

a central oxygen atom. An illustration of both structures along with their

theoretical powder patterns are shown in �gure 6.5 and the lattice data are

shown in table 6.1. A closer inspection of the shortest interatomic contact

in Eu2Si3Sn5.2 revealed that the distance of 2.5277(2)�A is not compatible

with any of the possible atom pairs (Eu-Si distances should be in the region

of 3.2�A [102]) and can only be reasonable for Eu-O or Sn-O contacts. In a

consecutive literature search, the compound Eu3SnO, with an inverse per-

ovskite structure and just slightly larger lattice constants of a=5.0771(1)�A,

was found [103]. Taking into consideration three times standard deviation,

our lattice constant is signi�cantly shorter. In addition the powder pattern

of the sample does not show any patterns which could be assigned to silicides

despite the large Si content (see �gure 6.6). It is well-known that rare earth

metals have a strong tendency to capture oxygen and this is especially true

for europium. We thus assume that our europium source was contaminated

by EuO giving rise to the formation of the compound presented here and

to glassy SiO2 the latter of which does not show up as peaks in the powder

pattern but appears simply as signi�cant background.

Table 6.1 { Crystal data for the two possible solutions.

(a)

Eu2Si3Sn5.2 Wyck. x y z Ueq SOF

Eu(1) 1a 0 0 0 219(11) 1

Sn(1) 3c 0 1
2

1
2 167(15) 0.86(2)

Si(1) 3c 0 1
2

1
2 167(15) 0.14(2)

Si(2) 3d 0 1
2 0 320(60) 0.38(4)

R1 0.0438 wR2 0.1067

(b)

Eu3SnO Wyck. x y z Ueq

Eu(1) 3c 1
2

1
2 0 271(11)

O(1) 1b 1
2

1
2

1
2 330(70)

Sn(1) 1a 0 0 0 257(10)

R1 0.0458 wR2 0.1466

Taking into account the slightly but signi�cantly smaller lattice constant,
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(a) (b)

Figure 6.5 { Two possible solutions of the crystal structure and their theo-

retical powder patterns a) Eu2Si3Sn5.2 and b) Eu3SnO.

the missing silicon and knowing that compounds exist where tin and silicon

share the same site, we suspected that there might be some tin replaced by

silicon. The perovskite structure is known to bear such mis�ts quite well

because of its extremely large lattice energy which would be reduced under

lattice distortions. Allowing for a free re�nement of the occupation factor of

the tin site reveals a lowering of the integral electron density which can be

interpreted as a mixed occupation �tting the composition Eu3Si0.25Sn0.75O.

This �t results in a further drop of the reliability factor to 2.5% which is

signi�cant. Thus, we conclude that the stucture here is, in fact, a mixed

silicon-tin compound of formula Eu3Si0.25Sn0.75O, the structure of which is

shown in �gure 6.7.
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Table 6.2 { Crystallographic data for Eu 3OSn0.75Si0.25

Empirical formula Eu3OSi0.25Sn0.75
Formula weight 567.01
Temperature 293(2) K
Crystal system cubic
Space group Pm3m (No. )
Volume [�A3] 129.2(3)�A3

Unit cell dimensions a = 5.055(6)�A
Formula units/cell 1
Density � calc [gcm� 3] 7.289 Mg/m 3

Absorption coe�cient � (MoK � ) 39.355 mm� 1

Crystal size 0.28 x .012 x 0.16 mm
Data collection single crystal , sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,

� (MoK � ) = 0.71073�A
Detector distance; 30 mm
Method;exposure time/frame ! -scans; t = min
Theta range 4:03o � � � 33:30o

Index range -7� h � 7,
-7� k� 7,
-7� l� 7

Re
ections collected 1879
Independent re
ections 76 Rint: = 0.0440
Solution by direct methods
Re�nement method SHELXL97,
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Figure 6.6 { Comparison of the theoretical powder pattern of Eu2Si3Sn5.2 (-)

with the theoretical patterns of Eu 2Si3Sn5.2 (-) and Eu3OSn0.75Si0.25 (-).

Table 6.3 { Atomic coordinates, Wycko� position, thermal displacement pa-
rameters (esd) [�A2 � 104] and site occupation factors (esd) for Eu3OSn0.75Si0.25.
Ueq is de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Eu(1) 3c 1
2

1
2 0 175(6) 1

O(1) 1b 1
2

1
2

1
2 120(30) 1

Sn(1) 1a 0 0 0 104(10) 0.75(2)
Si(1) 1a 0 0 0 104(10) 0.25(2)
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Figure 6.7 { Crystal structure of Eu 3OSn0.75Si0.25

Table 6.4 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Eu3OSn0.75Si0.25 . Uij are de�ned for exp[-2� 2(U11h2a� 2 +
� � � + 2U 23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Eu(1) 217(6) U11 92(7) 0 0 0
O(1) 120(30) U11 U11 0 0 0
Sn(1) 104(10) U11 U11 0 0 0
Si(1) 104(10) U11 U11 0 0 0

Table 6.5 { Interatomic distances, d, (esd) [�A] for Eu 3Si0.25Sn0.75, n denotes
the frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Eu1 - O1 2.5275(30) 2 O1 - Eu1 2.5275(30) 6
- Eu1 3.5744(30) 8
- Sn1jSi1 3.5744(30) 4

Sn1jSi1 - Eu1 3.5744(30) 12
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Eu3SnO has been prepared by T•urck [104] and was magnetically inves-

tigated by Kirchner et al. [103]. However, the authors only showed the low

temperature region of the susceptibility, below 50 K, which exhibits an an-

tiferromagnetic transition at 31.4 K. As we repeatedly �nd ordering tem-

peratures at much higher temperatures than this for such compounds, we

investigated the magnetic behaviour of our compound over the full range up

to room temperature.

The magnetic data collected for Eu3Si0.25Sn0.75 are shown in �gure 6.8.

The magnetic moment was derived from the Curie-Weiss �t at high temper-

ature (150-300K) (see inset in �gure 6.8). Ferromagnetic interactions of the

sample are indicated by a positive Weiss constant � = 49.8 K. Scans of the

�eld at constant temperature (�gures 6.9, 6.10 and 6.11 show no hysteresis,

although steps are seen which are more prominent at low temperature, disap-

pearing at 50 K. The moment� e� =6.99� B indicates the presence of Eu(II) in

the structure. This moment is comparable to that of other Eu(II) compounds,

for example EuO (6.8� B) [105]. Its behaviour is quite peculiar, starting with

a ferromagnetic jump at about 77 K followed by an antiferromagnetic tran-

sition at 32 K. Clearly, there is a strong �eld dependency and that is why

a de�ned magnetic moment is di�cult to derive. The data show that an-

other very interesting solubility system has been found which will allow for

studying collective magnetic �ne tuning not only by the substructure of the

magnetic centres and tetrels but also by subtle changes of the superexchange

system through changing of the tin to silicon content. This is a project which

goes beyond the scope of the present dissertation.
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Figure 6.8 { Molar magnetic susceptibility of Eu 3OSn0.75Si0.25 at two di�er-

ent �elds

Figure 6.9 { Molar magnetic moment of Eu3OSn0.75Si0.25 at 5 K
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Figure 6.10 { Molar magnetic moment of Eu3OSn0.75Si0.25 at 20 K

Figure 6.11 { Molar magnetic moment of Eu3OSn0.75Si0.25 at 50 K



Chapter 7

Magnetic Properties of the

Earth Alkaline Silicides and

Similar Compounds

7.1 Unexpected Magnetism

Routine measurements of binary alkaline earth monosilicides showed unex-

pected ferromagnetism [106]. In these �Si structures, the �2+ cation should

have no occupied d or f orbitals and the orbitals of the Si2 { chain should

consist only of paired electrons. These results therefore challenge either our

understanding of the concept of magnetism or that of the electron distribu-

tion in Zintl Phases. Similar e�ects are seen in other compounds, which also

should be non-magnetic, e.g. Hf2O, the insulating oxide used as a dielectric

layer in nanoscale electronic devices [107]. Neither Hf4+ nor O2 { is magnetic

itself, yet thin �lms of Hf 2O exhibit anisotropic ferromagnetism whereas the

bulk materials do not. It is supposed that lattice defects are involved in the

magnetic properties. The preparation of the �lms by pulsed-laser deposition

133
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can lead to oxygen vacancies. The electrons associated with these defects

form an impurity band. It is thought that by the mixing of this band with

the 5d states of the Hf, a small amount of electron transfer occurs and the

5d states are then able to polarize creating the ferromagnetic coupling. ZrO2

�lms also show this behaviour.

Unexpected magnetism is also exhibited in CaO, ZnO, CaB6 [108] and

in irradiated graphite [109]. Investigations into such vacancy induced ferro-

magnetism are being undertaken, concentrating on the oxides, to discover

whether vacancies or substitutional defects create extended magnetic mo-

ments on neighbouring atoms [110].

7.2 Structure Description

The CrB structure type is a very common structure type in inorganic chem-

istry (see �gure 7.1d). It is also known as the TlI (B33) structure type.

Amongst those compounds which crystallize in this structure are the alka-

line earth and some lanthanide monosilicides. The rest of the lanthanide

monosilicides crystallize in the FeB structure type (see �gure 7.1e and table

7.1). The CrB and FeB structure types are closely related. They are both

built up from a common structural unit, the trigonal prism, merely being

stacked in di�ering ways [111] (see �gure 7.2). To which structure type an

MX compound belongs is determined by the ratios of the atomic radii of the

components [40]. A zig-zag chain of X atoms centres these trigonal prisms of

M atoms, which share edges to form an in�nite chain. Some monosilicides

crystallize in both modi�cations, seemingly dependent on the rate of cooling;

with a slower cooling rate, the CrB structure is found [111].
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(a) BaSi - CrB structure type (b) LaSi - FeB structure type

Figure 7.1 { Comparison of CrB (a) and FeB (b) structures

Table 7.1 { Table showing which monosilicides adopt which structure.

CrB FeB

BaSi, SrSi, CaSi, DySi, ErSi,

EuSi, HoSi, LuSi, ScSi, TbSi,

TmSi, YSi, YbSi, ZrSi

LaSi, AmSi, CeSi, CmSi, DySi,

ErSi, GdSi, HfSi, HoSi, NdSi,

PrSi, PuSi, SmSi, TbSi, ThSi,

TiSi, USi, ZrSi
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(a) The trigonal prism building block

(b) Stacking in BaSi, the CrB structure

type

(c) Stacking in LaSi, the FeB structure

type

Figure 7.2 { Stacking of the trigonal prism units in CrB and FeB structures
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As an example, BaSi crystallizes in the CrB structure type [85]. As such,

it can be described according to the Zintl-Klemm-Busmann concept and has

zigzag chains of Si2� anions running parallel to each other, surrounded by

Ba2+ cations (�gure 7.3). The charge distribution can be simply formulated

as Ba2+ Si2 { . From the geometry of the structure the electrons are dis-

tributed as follows. In the chain, the silicon orbitals can be thought of as

being sp2 hybridized with a p orbital perpendicular to the plane of the chain.

Thus, two of these sp2 orbitals are used in the two� bonds of the chain and

the third is occupied by a lone pair. The p orbital is also occupied by a lone

pair. Since all of the electrons are paired, the compound should be both dia-

magnetic and a semiconductor. However, it has been shown [106] that this is

not the case and that BaSi exhibits temperature independent paramagnetism

at low temperatures (see �gure 7.4). Given these surprising results, another

sample of BaSi was synthesized to ascertain whether or not these results were

reproducible.

Figure 7.3 { Structure of BaSi [112]
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7.3 Magnetic Properties of BaSi

Barium metal was �rst puri�ed by distillation. Barium Silicide was synthe-

sized from the elements in a 1:1 ratio in a tantalum ampoule. The mixture

was heated at 400o C/hr to 1102o C and held for 10 hrs; heated at the same

rate to 1202o C, held for one hour; cooled to 1102o C at a rate of 400ohr,

held for 10 hours before being cooled to room temperature at 100o/hr. Some

crystals were picked and crushed in order to measure the powder pattern (no

other phases were detected) and the larger crystals were used for magnetic

measurements.

Magnetic moment measurements were carried out on a BaSi single crystal

in the absence of any magnetic �eld (see �gure 7.5). The sample was cooled

to low temperature under zero �eld. The red curve (ZFC) shows the mag-

netic moment on heating. This drops dramatically until 25 K at which point

temperature independent paramagnetism is seen. On cooling again (FC),

this drops to negative, again, at 25 K. This cycle was repeated several times

and the resulting data can be seen in �gure 7.6. The molar susceptibility data

for BaSi measured at 10 Oe have already been reported (see �gure 7.4) [106].
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Figure 7.4 { Magnetic susceptibility of a BaSi single crystal measured at

10 Oe [106].

Figure 7.5 { Magnetization of a BaSi single crystal measured in the absence

of any external �eld.
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Figure 7.6 { Magnetization of a BaSi crystal in the absence of any applied

magnetic �eld
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7.4 Magnetic Properties of SrSi

Distilled strontium and ground silicon pieces were placed inside a tantalum

ampoule and sealed under Argon. In order to synthesize single crystals, the

sample was heated under argon to 1180o C, 30 degrees above its melting

point [35] and held for 5 hours before being cooled slowly, at 1o/hr, to 900o C

then cooled more rapidly, at 10o/hr to room temperature. This resulted in

large shiny crystals. Only those from the centre of the sample were taken,

those in contact with the walls of the ampoule were discarded. The powder

di�raction analysis showed only SrSi present (see �gure 7.7).

Figure 7.7 { Powder analysis of SrSi sample. (-) experimental pattern, (-)

theoretical pattern [112]

Magnetic measurements have been carried out previously on strontium

silicide powder, but not on single crystals. Figure 7.8 shows the susceptibility

data recorded on powder under a 1000 Oe �eld, and shows steps at 125 K,
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75 K and 40 K. The sample was analysed by EDX to ascertain its purity.

This can be seen in �gure 7.9 and no impurity is obvious.

Figure 7.8 { Magnetic susceptibility of SrSi powder at 1000 Oe [106]

These steps which are seen in the powder pattern can also be seen in the

susceptibility measurements on the single crystal (see �gure 7.10). In this

case, the steps appear around 120 K, 75 K and a shoulder at 40 K for mea-

surements in �elds of 10, 100 and 1000 Oe. Examination of the experimental

measurement data with regards to the standard deviation of the measure-

ment show the precision of the measurement to be well within the limits of

the machine and so it can be concluded that the steps in susceptibility are

as a result of the properties of the material rather than an error induced by

the machine. The ZFC and FC curves are not super-imposable, indicating

that there is formation of magnetic moments in the sample. The �eld loop

also shows remanent magnetization (see �gure 7.11).

In order to determine whether these magnetic e�ects are due to an im-
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Figure 7.9 { EDX analysis of the SrSi powder synthesized [106]

purity in the crystal, elemental analysis was undertaken via LA-ICP-MS1.

From the results of this analysis, it can be seen that there are no impurities

of any signi�cant concentration (see table 7.3) and so it can be assumed that

the magnetic behaviour is entirely due to the strontium silicide lattice. How-

ever, the measured strontium content is lower than expected (see table 7.2).

There are two possible reasons for this: either some strontium forms SrO

during the ablation process or the crystal itself is not totally stoichiometric.

The shape of the tantalum signal is consistent with a surface impurity. This

would come from the ampoule in which the sample was synthesized.

1Analysis carried out by the group of Prof. Gunther
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Figure 7.10 { Magnetic susceptibility of a SrSi single crystal at various �elds

Figure 7.11 { Magnetic moment of a SrSi crystal at 20 K



Magnetic Properties of SrSi 145

Table 7.2 { Elemental analysis of the SrSi crystal used in magnetic measure-

ments.

measured theoretical

% Sr 73 76

% Si 24 24

Table 7.3 { Elemental analysis of the SrSi crystal used in magnetic measure-

ments by Laser-ICP-MS

Element Amount [ppm]

Ca 6638

Ba 1206

Mg 425

Cu 146

Na 100

Zn 33

Fe 7.5

Sn 6.8

Y 2.47

Rb 2.39

Eu 2.32

Ce 1.8

Sc 0.38

Ta 0.23
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7.5 Magnetic Properties of CaSi

Calcium silicide was synthesized from the elements (distilled calcium and

ground silicon pieces) in a tantalum ampoule. The reaction mixture was

heated, under argon, to 1350o C for 5 hours, then cooled at 3o/hr to 1070o C

before being cooled at 10o/hr to room temperature. No impurity was visible

in the powder pattern (�gure 7.12), so a single crystal was picked for magnetic

measurement.

Figure 7.12 { Powder pattern analysis of CaSi sample. (-) shows the exper-

imental pattern and ( -) the theoretical pattern[112].

It can be seen from �gure 7.13 that it has a high diamagnetic contribution

Steps occur at 118 K and at 35 K when the sample is measured at both 100

and 1000 Oe. The magnitude of the susceptibility, however, is �eld depen-

dent, a non-linear response. This is indicative of weak paramagnetism which

is saturated at higher �elds. Below 35 K, it can be seen in the measurement
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Figure 7.13 { Magnetic susceptibility of a CaSi single crystal at various �elds

taken at 100 Oe that the ZFC and FC curves are not super-imposable, in-

dicating the formation of magnetic moments. This is indicative of a ferro-

(or ferri-) magnetic interaction in the sample. Later measurements of the

hysteresis of calcium silicide at 10 K show remanence (�gure 7.14).
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Figure 7.14 { Molar magnetization of CaSi single crystals at 10 K



Magnetic Properties of LuSi 149

7.6 Magnetic Properties of LuSi

Filings were taken from a lump of lutetium metal. These were pressed into

a pellet together with ground silicon pieces. The pellet was welded using

an arc welding machine in a glove box. The pellet was turned and melted

several times before being analysed by powder XRD. No single crystal was

able to be grown so magnetic measurements were carried out on part of the

welded pellet2. The powder analysis of the pellet, which reveals that LuSi is

the only phase obtained, can be seen in �gure 7.15.

Figure 7.15 { Powder XRD analysis of LuSi sample, (-) shows the experi-

mental pattern and (-) the theoretical pattern.

As can be seen in �gure 7.16, there are steps at 128 K and 36 K when the

sample is measured at both 100 and 1000 Oe. The magnitude of the suscepti-

2The melting point of LuSi (in fact of all of the known Lu-Si binary compounds) is

unknown [113, 114].
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bility however, is �eld dependent. This is indicative of weak paramagnetism

which is saturated at higher �elds.

Figure 7.16 { Magnetic behaviour of LuSi
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7.7 Magnetic Properties of LaSi

Lanthanum silicide is an interesting case to study. It is of the FeB structure

type whereas the other silicides mentioned here are of the CrB structure type.

Lanthanum metal chips, cut by a chisel from a lump, and ground silicon

were taken in a 1.025:1 ratio and pressed into a pellet in a glove box. This

pellet was then welded using an arc welding machine in a glove box. The

pellets were turned and welded a second time. Powder analysis showed only

LaSi present (�gure 7.17). Several attempts were made, by di�erent methods

to grow single crystals of LaSi. None of these was successful. According

to the phase diagram of LaSi [115], it melts congruently at 1615o C but a

phase transformation occurs at 1570o C to La5Si4. Using the HF oven (to

allow rapid heating and cooling) a pellet of LaSi synthesized by welding was

tempered at 1600o for an hour, and then cooled rapidly but this produced

only La5Si4. It has been reported in the literature that it is possible to make

crystals of an FeSi alloy by an arc zone melting [116] technique in which no

more than the top 40% of the sample is melted and the arc moved from one

side of the sample to the other at a rate of 1-2 cm/hr. This is maybe a way

in which single crystals3 could be synthesised, but it was not possible with

the welding machine available.

The magnetic measurements were therefore carried out on an uncrushed

part of the pellet that was synthesized as described above. Magnetic sus-

ceptibility measurements were recorded at 100, 500 and 1000 Oe and can be

seen in �gure 7.14. Splitting of the ZFC and FC curves as well as steps

in the susceptibility (at 117 and 35 K) can be seen, indicating the forma-

tion of local magnetic moments. Hysteresis measurements show a remanent

3also of lutetium and ytterbium silicide



152 Magnetic Properties

Figure 7.17 { Powder XRD analysis of LaSi sample, (-) shows the experi-

mental pattern and (-) the theoretical pattern.

magnetization (�gure 7.18)4.

4It should be noted that samples prepared by arc welding may contain copper which is

extracted from the sample holder. This has especially been found for trivalent lanthanide

disilicides. In these cases, instead of the orthorhombic, the tetragonal ThSi2 type is

observed [117].
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Figure 7.18 { Magnetic susceptibility of an uncrushed LaSi pellet synthesized

by arc-melting.

Figure 7.19 { Field loop of a LaSi pellet
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7.8 Magnetic Properties of Sr 2SiSn

Sr2SiSn was synthesized (see chapter 4.2.1) and owing to its structural simi-

larities with SrSi, its magnetic properties were investigated. Since there was

an unidenti�ed peak in the powder pattern (see �gure 7.20), a single crystal

was selected on which the measurements were carried out.

Figure 7.20 { Powder XRD analysis of Sr2SiSn, (-) shows the experimental

pattern and (-) the theoretical pattern, unidenti�ed peak marked with F .

As with SrSi, steps are seen in the susceptibility, indicating magnetic

moment formation. In this case, at 119 K, 73 K and 37 K, essentially at the

same temperatures as seen in SrSi.
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Figure 7.21 { Sr2SiSn molar magnetic susceptibility. Measurement from a

single crystal.
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7.9 An Explanation?

These measurements throw up several questions which need to be answered.

Why is � �eld dependent? How can these apparent magnetic transitions

be explained in the context of a system containing only \paired electrons"?

Why are multiple steps seen in the measurements and do these steps occur at

similar temperatures? Is there a correlation between the conductivity values

of these compounds and the transition temperatures or is it just coincidence?

A �eld dependent magnetic susceptibility occurs when there is a non-

linear response and it happens when there are spin-spin interactions and/or

the applied �eld cannot be considered small. The phenomenon of higher �elds

causing smaller susceptibilities is related to the saturation of the magnetic

moment. This e�ect is seen in Curie-Weiss paramagnets and ferromagnets

(those with localized moments). In a ferromagnetic material, the dipoles

will order spontaneously once a low enough temperature has been reached,

i.e. this ordering is destroyed by thermal agitation. This tendency to or-

dering is increased by application of an external magnetic �eld. There are

two cases in which the magnetization can approach a limiting value, Msat.

The �rst is in the absence of a magnetic �eld when T! 0. The second at

higher temperatures where there is a su�ciently strong external �eld. This

saturation magnetization is usually expressed in terms of the molar satura-

tion magnetization with units of cgs/emu (Gcm3mol� 1) or in the SI system

Am2mol� 2.

M sat = NA m (7.1)

The molar magnetic susceptibility comprises the orbital contribution and

the spin contribution:
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� =
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The Zintl-Klemm-Busmann concept has been used for many years now to

describe the electron distribution in Zintl phases. It does, however, neglect

the pairing energy that arises when two electrons occupy the same orbital. It

is therefore plausible that, if there is a LUMO orbital close enough in energy

to the HOMO orbital which should be occupied by a pair of electrons, it

will be more favourable for the second electron to be placed in this slightly

higher-lying orbital. The orbitals on the alkaline earth ions might ful�l this

criterion. They are slightly higher than the doubly occupied orbitals on the

tetrel atoms and so can mix. This means that the orbitals are now only

partially occupied, electrostatic repulsion is reduced and the system is `less

ionic'. From Hund's rule, it is favourable that the electron spins are aligned

and so there is a moment. The moments are connected by hopping through

the silicon chains. Thus favouring a ferromagnetic interaction.

It is, in fact, known that in most Zintl phases complete charge transfer

from the metal cation to the anion does not occur[118]. In the case of the

monosilicides here, none of the divalent metal cations are actually 2+. from

DFT calculations at 0 K, calcium for example has a charge of 0.82+ [119].

Some theoretical calculations using minimal models indicate that there

is a range of ferromagnetism related to charge transfer to the metal states

and formation of a conducting network. These results cannot be compared

directly to the experimental values as the initial parameters of the experi-

mental measurements are unknown. However, trends can be seen and these

results correlate with the experimental measurements.

In some cases, multiple transitions occur. This would suggest the exis-

tence of several di�erent e�ective couplings with di�ering strengths as a result



158 Magnetic Properties

of di�erent types of interactions. For example coupling between sp2-d and

p-d orbitals. These coupling e�ects are then destroyed at di�erent tempera-

tures and di�erent steps appear in the measurement. Furthermore, coulomb

repulsion is known to act against conductivity. This can be related to the

trend which is seen in these monosilicides. The worse conductor, SrSi, has

the most transitions[120]. It is also clearly recorded for the so-called CMR

(colossal magnetic resistance) or GMR (giant magnetic resistance) e�ects

found in some manganites [121].

For a material to be a ferromagnet, it must be conductive enough for the

electrons at di�erent lattice points to be able to converse, i.e. it must not

be an insulator. There must be degenerate energy levels and the coulomb

repulsion of the system is intermediate. It should be noted that nearly all

tetrel Zintl phases show these e�ects although they should have no localized

moments. Moment formation is due to electron-electron interaction.

Looking at the temperatures at which the steps occur (see table 7.4) it

seems to be independent of the charge available. The odd one out of the

series is strontium, for which three steps are seen rather than two. This

is true for both the monosilicide and the mixed silicide/stannide and these

compounds also show a weaker paramagnetism than the others in the series.

A possible explanation for this is that the strontium has the largest di�erence

in p-d orbital energies.
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Table 7.4 { Temperature at which steps are seen in the susceptibility data

for the mono-silicides.

Compound Step temperature [K]

BaSi no steps

SrSi 120, 75, 40

CaSi 118, 35

LuSi 128, 36

LaSi 117, 35

Sr2SiSn 119, 73, 37
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Chapter 8

Miscellaneous

8.1 Investigations into the Li/Sr/Sn System

The known binary compounds and the experimental starting composition

are shown in �gure 8.1. There is only one known ternary phase of lithium,

strontium and silicon, Sr14.5Li9Sn24 (see �gure 8.2) [122]. The structure con-

tains di�erent types of tin anion, isolated Sn4 { anions, planar in�nite chains

in a cis-trans conformation and interconnected Sn5 rings.

With the exception of the aforementioned ternary phase, only mixtures

of the binary were found. Problems occur when there is a high lithium or tin

content or a low tin content. When this happens the sample is not brittle and

cannot be crushed (it simply squashes and smears when ground) for analysis

by x-ray. Even if it is possible to mount sample with a high tin content for

analysis, generally only tin is present in the pattern1. This is either due to

the unreacted material or that decomposition occurs during the time of the

measurement.

1Sr14.5Li 9Sn24 has been shown to decompose in the electron beam to almost pure

elemental tin

161
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Figure 8.1 { Ternary phase diagram of the Li/Sr/Sn system. Known binary

phases are marked with� , experimental starting compositions with � and the

known ternary compound with F .

Figure 8.2 { Structure of Sr 14.5Li 9Sn24
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8.2 Investigations into the Li/Si/Sn System

A few initial experiments carried out in this system showed only formation

of binary lithium silicides, lithium stannides and remaining silicon or tin.

Again problems in handling arise with medium-high lithium and tin content.

8.3 Investigations into the Ba/Y/Si System

Figure 8.3 { Ternary phase diagram of the Ba/Y/Si system. Known binary

phases are marked with� and experimental starting compositions with � .

Experiments were carried out with the compositions shown in �gure 8.3

with di�erent temperature programs and heating methods. Reactions carried

out in tantalum ampoules in the furnace produced only binary compounds
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and mixtures of the starting materials. No ternary compounds were found.

Due to the high melting point of yttrium (1522o C) and of its binary silicides

(Y 5Si3 with the highest melting point at 1850o C), the experiments were

carried out again using the arc furnace. The products were simply the binary

compounds.

8.4 Investigations into the Ba/Ce/Si System

The only published ternary compound in this system is BaCe2Si3 [94] and

the structure is shown in �gure 8.4 [94]. The structure contains Si12 {
6 anions

each in the form of a planar 5 membered ring with one terminal silicon.

Following the ZKB concept, these can be described as one (1b)Si3 { , the

terminal silicon; one (3b)Si{ , that linking the terminal to the rest of the ring

and four (2b)Si2 { in the ring. In order to achieve this formal charge transfer,

two electrons from each of the metal cations are required. This, however,

would be unusual for cerium. Owing to the fact that both barium and cerium

have a similar number of electrons (Ba2+ has 54 electrons, Ce3+ , 55) they are

indistinguishable under X-ray analysis. Therefore, they were assigned on the

basis of volume and coordination number. However, theoretical �rst principle

calculations on this structure fail to converge, indicating that the structure

itself is not stable and therefore cannot be correct. Attempts to clarify this

structure were therefore undertaken, but, despite several di�erent synthesis

methods, the desired compound was unable to be synthesized. As there was

the possibility of oxygen being in the structure, syntheses replacing some

barium by barium hydroxide or letting some oxygen into the ampoule before

reaction were carried out, again without generating the target compound.

Reactions in this system with other starting compositions produced only
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binary silicides. The equivalent compositions were also tried, replacing bar-

ium by strontium. This also resulted only in binary silicides. Attempts to

synthesize the strontium analogue were also unsuccessful. Since the re�ne-

ment values of the proposed BaCe2Si3 structure are reasonable and due to the

di�culty of distinguishing between barium and cerium by crystallographic

analysis methods, it is supposed that there is an impurity of similar scatter-

ing power to these elements, such as lanthanum, praseodymium or caesium

present in the crystal.

Figure 8.4 { Structure of BaCe2Si3.

8.5 Investigations into the Ce/Si/X Systems

The systems where X=Cl, Br, I were brie
y looked at. In the reactions

undertaken, products were the binary cerium silicides and cerium halides.

Starting materials were the elements and CeBr3, CeCl3 or CeI3. In the

case of the iodides, it is possible to synthesize CeI2 from cerium and cerium

triiodide, followed by distillation. This can then be used for further reaction

with the cerium and silicon.
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Chapter 9

Conclusions and Outlook

A large part of this work looks at the use of substitution of silicon by tin to

investigate the structural and electronic changes which occur in Zintl com-

pounds. This has led to unexpected results. In all of the cases where both

silicon and tin are found in the �nal structure, the tin atom was found to,

counter-intuitively, adopt the site of higher electron density. This was unex-

pected, as silicon is generally thought of as being more electronegative than

tin. In order for the synthesis of some of these mixed Si/Sn compounds,

it is sometimes necessary that the reaction is carried out in the presence of

an excess of � and silicon which allows the formation of a binary silicide.

Further investigations into X/Si/Sn systems could shed some light on in-

teresting structures with tunable structures and properties by virtue of the

similar electronegativities of silicon and tin.

The study of the magnetic properties of the alkaline earth monosilicides

and their related compounds has turned up some interesting results. Ele-

mental analysis has proved that there is a negligible amount of magnetic

impurities present in the samples. The largest impurities are other alkaline

earth metals and analysis shows a possibility of slight under-occupation of

167



168 Conclusions and Outlook

the metal site. The formation of magnetic moments are seen, as are steps

in the susceptibilities indicating that more than one type of coupling e�ect

occurs. No enhancement of the magnetism is seen in the LaSi or LuSi and

so it can be supposed that the magnetic behaviour is independent of the

number of electrons in the d states of the material. A possible origin of this

behaviour is the polarization of the electron gas. Therefore, a deeper look

into the magnetic properties of the XSi systems is required, in order to �nd

out from where exactly the magnetism is arising. A means of synthesis of

single crystals of the LaSi and other silicides must be found to complete the

series. Comparison of the magnetic properties within the SrSi1-xSnx should

be investigated, starting with synthesis and measurement of the magnetic

properties of SrSn. Also possible should be synthesis and measurement of

related, but systematically doped compounds, i.e. mixed XX'Si or XSi1-xAl x,

to see what e�ect slightly changing the overall electronic properties has on

the magnetic behaviour of these compounds.

The synthesis of the inverse perovskite, Eu3OSn0.75Si0.25, has provided

data which shows that another very interesting solubility system has been

found which will allow the study of collective magnetic �ne tuning not only

by the substructure of the magnetic centres and tetrels but also by subtle

changes of the superexchange system through changing of tin to silicon con-

tent and allowing tuning of the lattice constants.
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A.2 Sodium Distillation

A.3 Calcium Distillation
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A.4 Strontium Distillation

A.5 Barium Distillation

A.6 Europium Distillation
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Table B.1 { Crystallographic data for Ce 5Si4

Empirical formula Ca0Ce5Si4
Formula weight 295.62
Temperature 293(2) K
Crystal system Tetragonal
Space group P 43212 (No. 96)
Volume [�A3] 961.3(4)�A3

Unit cell dimensions
a = 7.9321(18)�A
c = 15.279(5) �A

Formula units/cell 4
Density � calc [gcm� 3] 5.617
Absorption coe�cient � (MoK � ) 23.609 mm� 1

Crystal size 0.12 x 0.10 x 0.08 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method; exposure time/frame ! -scans; t = min
Theta range 2:89o � � � 23:34o

Index range -8� h � 8,
-8� k� 8,
-16� l� 16

Re
ections collected 7526
Independent re
ections 698 Rint: = 0.1767
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 698 / 0 / 43
d)GooF on F2 1.145
Final R indices[I> 2sigma(I)] a)R1 = 0.0378, b);c)wR2 = 0.0994
R indices (all data) a)R1 = 0.0391, b);c)wR2 = 0.1000
Extinction 0.0045(4)
Largest di�. peak and hole 1.867 and -2.817 e� / �A � 3

a) R1=
P

( F o � F c )P
F o

; b) wR2=

r P
( w ( F 2

o � F 2
c ) 2 )

P
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o ) 2 , c) w= 1
� 2 ( F 2

o )+( g�P ) 2+ k �P )
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o ;0)+2 �F 2
c

3
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r
P

( w ( F 2
o � F 2

c ) 2 )
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e) R int =
P

F 2
o � �F 2

oP
F 2

o
, f ) Rsigma =

P
� ( F 2
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Table B.2 { Atomic coordinates, Wycko� position, thermal displacement
parameters (esd) [�A2 � 104] and site occupation factors (esd) for Ce5Si4. Ueq is
de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ce(1) 8b 0.3735(1) 0.0195(1) 0.0493(1) 105(4) 1
Ce(2) 8b 0.3723(1) 0.4766(1) 0.1229(1) 92(4) 1
Ce(3) 4a 0.6930(2) -0.3070(2) 0 220(5) 1
Si(1) 8b 0.6767(7) 0.3067(6) 0.0464(3) 111(11) 1
Si(2) 8b 0.0789(7) -0.2864(7) 0.0600(3) 109(11) 1

Table B.3 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Ce5Si4. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � � +
2U23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ce(1) 125(6) 116(6) 76(6) -17(4) 23(4) -9(4)
Ce(2) 111(7) 111(6) 53(6) 8(4) 18(4) 5(5)
Ce(3) 244(7) U11 173(8) -3(5) 3(5) -8(8)
Si(1) 130(30) 90(30) 110(20) -10(20) 0(20) 10(20)
Si(2) 120(30) 170(30) 40(20) 0(20) -6(19) -10(20)
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Table B.4 { Interatomic distances, d, (esd) [�A] for Ce5Si4, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ce1 - Si1 3.1326(49) 1 Ce2 - Si1 2.9960(51) 1
- Si1 3.1459(50) 1 - Si1 3.0019(54) 1
- Si2 3.2072(54) 1 - Si1 3.0791(48) 1
- Si2 3.2707(53) 1 - Si2 3.1270(56) 1
- Si1 3.3127(53) 1 - Si2 3.1423(56) 1
- Si2 3.3730(57) 1 - Si2 3.1546(49) 1

Ce3 - Si2 3.1298(48) 2 Si1 - Si2 2.4482(70) 1
- Si1 3.1479(57) 2 - Ce2 2.9960(51) 1
- Si2 3.1994(57) 2 - Ce2 3.0019(54) 1

- Ce2 3.0791(50) 1
- Ce1 3.1326(55) 1
- Ce1 3.1459(50) 1
- Ce3 3.1479(50) 1
- Ce1 3.3127(53) 1

Si2 - Si1 2.4482(73) 1
- Ce2 3.1270(56) 1
- Ce3 3.1298(48) 1
- Ce2 3.1423(56) 1
- Ce2 3.1546(49) 1
- Ce3 3.1994(57) 1
- Ce1 3.2072(54) 1
- Ce1 3.2707(53) 1
- Ce1 3.3730(57) 1
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Table C.1 { Crystallographic data for Ce 8Si5

Empirical formula Ca0Ce8Si5
Formula weight 360.40
Temperature 293(2) K
Crystal system Tetragonal
Space group I4/mcm (No.(No.140 )
Volume [�A3] 1395.6(2)�A3

Unit cell dimensions
a = 7.8557(7) �A
c = 22.615(3) �A

Formula units/cell 4
Density � calc [gcm� 3] 6.003
Absorption coe�cient � (MoK � ) 25.896 mm� 1

Crystal size 0.20 x 0.16 x 0.14 mm
Data collection single crystal sealed glass capillary

Siemens SMART PLATFORM
with CCD detector
Graphite Monochromator,
� (MoK � ) = 0.71073�A

Detector distance 30 mm
Method; exposure time/frame ! -scans; t = min
Theta range 1:80o � � � 34:01o

Index range -12� h � 11,
-11� k� 12,
-33� l� 34

Re
ections collected 10015
Independent re
ections 763 Rint: = 0.0877
Solution by direct methods
Re�nement method SHELXL97,

Full-matrix least-squares on F2

No. of data/restraints/parameters 763 / 0 / 22
d)GooF on F2 1.085
Final R indices[I> 2sigma(I)] a)R1 = 0.0384, b);c)wR2 = 0.1216
R indices (all data) a)R1 = 0.0524, b);c)wR2 = 0.1244
Largest di�. peak and hole 7.873 and -4.498 e� / �A � 3
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Table C.2 { Atomic coordinates, Wycko� position, thermal displacement
parameters (esd) [�A2 � 104] and site occupation factors (esd) for Ce8Si5. Ueq is
de�ned as one third of the trace of the orthogonalized Uij tensor.

Atom Wyck. x y z Ueq SOF

Ce(1) 8h 0.3218(1) 0.1782(1) 0 179(2) 1
Ce(2) 16l 0.6749(1) 0.8251(1) -0.1878(1) 139(2) 1
Ce(3) 8f 0 0 0.0993(1) 255(3) 1
Si(1) 16l 0.1114(3) 0.3886(3) 0.0959(2) 130(6) 1
Si(2) 4a 0 0 1

4 153(11) 1

Table C.3 { Coe�cients for anisotropic thermal displacement parameters
(esd) [�A2 � 104] for Ce8Si5. Uij are de�ned for exp[-2� 2(U11h2a� 2 + � � � +
2U23klb � c� ).

Atom U11 U22 U33 U23 U13 U12

Ce(1) 215(3) U11 106(4) 0 0 71(3)
Ce(2) 145(2) U11 127(3) -3(2) 3(2) 4(2)
Ce(3) 202(3) U11 360(6) 0 0 0
Si(1) 132(8) U11 126(14) -2(8) 2(8) 20(10)
Si(2) 140(16) U11 180(30) 0 0 0
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Table C.4 { Interatomic distances, d, (esd) [�A] for Ce8Si5, n denotes the
frequency of the corresponding distances.

Atom Pair d n Atom Pair d n

Ce1 - Si1 3.1871(29) 4 Ce2 - Si1 3.1023(29) 2
- Si1 3.1891(29) 2 - Si1 3.1555(29) 1

- Si2 3.2231(5) 2
- Ce2 3.2706(9) 1

Ce3 - Si1 3.1766(24) 4 Si1 - Si1 2.4752(33) 1
- Si2 3.4076(12) 1 - Ce2 3.1023(29) 2

- Ce2 3.1555(29) 1
- Ce3 3.1766(24) 2
- Ce1 3.1871(29) 2
- Ce1 3.1891(29) 1

Si2 - Ce2 3.2231(5) 8
- Ce3 3.4076(12) 2
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