ETH Library

Local atomic arrangements in NiPt
the bulk and near-surface regimes

Doctoral Thesis
Author(s):
Engelke, Markus Jürgen
Publication date:
2010
Permanent link:
https://doi.org/10.3929/ethz-a-006186179
Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

Diss. ETH Nr.: 19104

Local atomic arrangements
in Ni-Pt:
The bulk and near-surface
regimes
Markus Jürgen Engelke

2010

Diss. ETH Nr.: 19104

Local atomic arrangements
in Ni-Pt:
The bulk and near-surface regimes

ABHANDLUNG
zur Erlangung des Titels
DOKTOR DER WISSENSCHAFTEN
der
ETH Zürich
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Summary
Diﬀuse x-ray scattering from the bulk and the near-surface regions were taken
from Ni-Pt alloys in solid solution to provide basic information on the Ni-Pt
phase diagram, and to bridge the gap in information between the bulk and the
surface/near-surface microstructure.
A study on the bulk microstructure of Pt-rich Ni-Pt was performed on a Ni87.8(3) at.% Pt single crystal to provide experimental evidence on a new intermetallic phase, NiPt7 , suggested to exist below 371 K. The order-disorder transition temperature is too low for the ordered structure to be realized experimentally
due to sluggish ordering kinetics at low temperatures. Instead, bulk diﬀuse x-ray
scattering was recorded for the Ni-87.8 at.% Pt sample being in solid solution.
For that, the sample was aged at 603 K for 165 h and subsequently quenched to
room temperature. This state is representative for thermal equilibrium as was
checked by electrical resistivity measurements. Warren-Cowley short-range order
parameters and static atomic displacements were determined. Short-range order
scattering revealed diﬀuse maxima of about 2.5 Laue units (L.u.) at 1 0 0-type of
positions and an intensity of 0.6 L.u. towards the origin, indicating local order.
Eﬀective pair interaction parameters were determined using the inverse MonteCarlo method and the Krivoglaz-Clapp-Moss high-temperature approximation
including the γ-expansion method, which were used to calculate the ordering energy of Ni-87.8 at.% Pt. Subsequent Monte-Carlo simulations could not support
NiPt7 that was found to decompose into NiPt3 with L12 structure within a Pt-rich
matrix below 435(20) K. Thus, no experimental evidence could be provided for
the existence of NiPt7 , but NiPt3 with an order-disorder transition temperature
of 625(15) K was identiﬁed as a possible ground state structure of Ni-Pt.
Since the NiPt3 phase is not experimentally recognized yet, a Ni-75.2(3) at.%
Pt single crystal was studied to provide experimental support; integrated intensities were taken at superstructure positions and the corresponding fundamental
reﬂections to estimate the degree of long-range order in Ni-75.2 at.% Pt after
diﬀerent aging times at 613 K. In order to support ordering kinetics at this temperature by means of a surplus of vacancies, the sample was annealed at 1123 K
for one hour and quenched in sand prior to the aging process. A long-range order
parameter η of 0.43(4) was estimated after 250 h of aging. Thus, the NiPt3 phase
could be veriﬁed experimentally and should be included in future Ni-Pt phase
diagrams.
A study on the near-surface microstructure was performed on Ni-23.2(3) at.%
Pt with a (1 1 0) surface at 923 K using diﬀuse x-ray scattering under grazing
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Summary
incidence. In addition to in-plane scattering, out-of-plane scattering was recorded.
Short-range order scattering revealed maxima of about 4 L.u. at 1 0 0-type of
positions and a decrease in intensity to <0.5 L.u. towards the origin, indicating
local order. The contour lines of equal intensity around the diﬀuse maxima at 1 0 0
positions show a disc-like shape, a feature indicating local elements of antiphase
regions. The eﬀective pair interaction parameters reveal a dominant nearestneighbor term, being larger than the one found for Ni-87.8 at.% Pt.
The near-surface diﬀraction data from Ni-23.2 at.% Pt(110) were also evaluated in terms of a tetragonal site occupation which approximates the near-surface
region due to the occurrence of a segregation proﬁle and interplanar relaxation
eﬀects. For simpliﬁcation, the neighbors were grouped in three categories; with
distance vectors closest to and farthest away from the surface normal, and inbetween. Short-range order parameters hardly resolved the segregation proﬁle,
whereas nearest-neighbor eﬀective atomic displacements gave indications for interplanar relaxation along the direction of the surface normal.
To supply comparable bulk data, a Ni-25.6(3) at.% Pt single crystal, aged at
923 K and quenched into ice brine, was measured by diﬀuse x-ray scattering;
short-range order scattering was found to be practically identical to the one from
the near-surface region. Again, a dominant nearest-neighbor term of the eﬀective
pair interaction parameters was found which indicates that this is not a feature of
the near-surface microstructure but, as compared to Ni-87.8(3) at.% Pt, reﬂects
the diﬀerence in composition. Eﬀective static atomic displacements generally
gave smaller moduli than in the near-surface region, being most pronounced for
nearest neighbors.
Grazing incidence diﬀraction was also taken from Ni-25.6(3) at.% Pt(111) at
853 K. However, diﬀuse scattering in this case showed diﬀuse maxima of >10 L.u.
due to the temperature being close to the order-disorder transition temperature
of Ni3 Pt. In addition, the evaluation suﬀered from an incoherent background
of ﬂuorescence scattering which was recorded unintentionally. Nevertheless, the
data can be evaluated as will be treated in an appendix; eﬀective static atomic
displacements close to those in the bulk were found which is expected since interplanar relaxation is weak for the close-packed (1 1 1) planes.
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Zusammenfassung
Mittels der Methode der diﬀusen Röntgenstreuung wurden atomare Anordnungen
in Ni-Pt-Legierungen im Volumen und im oberﬂächennahen Bereich untersucht,
um grundlegende Informationen über das Ni-Pt-Phasendiagramm zu erhalten,
und um die Informationslücke zwischen Volumen und der Oberﬂäche, d.h. im
Übergangsbereich, zu schließen.
Auf der Suche nach experimenteller Bestätigung einer vorgeschlagenen neuen
intermetallischen Volumenphase auf der Pt-reichen Seite des Ni-Pt-Phasendiagramms, NiPt7 mit einer Ordnungs-Unordnungs-Übergangstemperatur von 371 K,
wurde ein Einkristall mit Ni-87.8(3) at.% Pt untersucht. Da bei niedrigen Temperaturen die Ordnungskinetik zu träge ist, kann eine ferngeordnete Struktur wie
NiPt7 praktisch nicht eingestellt werden. Stattdessen wurde die diﬀuse Röntgenstreuung im Volumen von der Ni-87.8 at.% Pt-Probe in fester Lösung aufgenommen, deren Zustand zuvor durch Auslagern bei 603 K für 165 Stunden und anschliessendem Abschrecken auf Zimmertemperatur eingestellt worden war. Die
Parameter dieser Wärmebehandlung wurden mittels elektrischer Widerstandsmessungen gefunden. Aus der diﬀusen Streuung konnten Warren-Cowley-Nahordnungsparameter und statische atomare Verschiebungen bestimmt werden. Die
Nahordnungsstreuung mit diﬀusen Maxima an 1 0 0-Positionen von 2.5 LaueEinheiten (L.u.), und einem Abfall zum Ursprung zu 0.6 L.u., deuten Nahordnung
an. Eﬀektive Paarwechselwirkungsparameter zur Berechnung der Ordnungsenergie für Ni-87.8 at.% Pt wurden mittels der inversen Monte-Carlo-Methode und
der Hochtemperaturnäherung nach Krivoglaz-Clapp-Moss, einschließlich der γEntwicklungsmethode, bestimmt. Anschließende Monte-Carlo-Simulationen konnten die Stabilität der NiPt7 -Phase nicht bestätigen. Stattdessen ergaben sie eine
Entmischung in NiPt3 -Gebiete mit L12 -Struktur in einer Pt-reichen Matrix unterhalb einer Temperatur von 435(20) K.
Da NiPt3 experimentell noch nicht bestätigt ist, wurde ein Einkristall mit Ni75.2(3) at.% Pt untersucht. Dabei wurden integrierte Intensitäten an Überstruktur- und entsprechenden Fundamentalpositionen gemessen, um den Grad der
Fernordnung in Ni-75.2 at.% Pt nach verschiedenen Auslagerungszeiten bei 613 K
abzuschätzen. Die dafür notwendige Ordnungskinetik wurde durch einen Überschuss an Leerstellen unterstützt, die der Probe durch ein anfängliches, einmaliges
Aufheizen auf 1123 K für eine Stunde und anschließendem Abschrecken in Sand
zugeführt wurden. Nach schrittweisem Auslagern bis maximal 250 Stunden wurde
so ein Fernordnungsparameter von η = 0.43(4) gefunden. Da die diesen Parameter bestimmende Fernordnung der L12 -Struktur von NiPt3 zugeordnet werden
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Zusammenfassung
konnte, wurde die Pt-reiche intermetallische Phase NiPt3 unterhalb 625(15) K
somit erfolgreich experimentell nachgewiesen, und sie sollte in zukünftige Ni-PtPhasendiagramme aufgenommen werden.
Die Untersuchung der oberﬂächennahen Mikrostruktur wurde mittels der diffusen Röntgenstreuung unter streifendem Einfall an einem Ni-23.2(3) at.% PtEinkristall mit einer (1 1 0)-Oberﬂäche bei 923 K durchgeführt. Die Streuung
in der Ebene (“in-plane”) wurde durch Messungen von “out-of-plane”-Streuung
ergänzt. Die erhaltene Nahordnungsstreuung ergab diﬀuse Maxima an 1 0 0Positionen von 4 L.u., und einen Abfall zum Ursprung zu 0.6 L.u., entsprechend
einer nahgeordneten atomaren Anordnung. Die Höhenlinien gleicher Intensität
um die diﬀusen Maxima an den 1 0 0-Positionen zeigen eine scheibchenförmige
Gestalt, was als Anzeichen von Regionen mit Antiphasengrenzen gedeutet wird.
Eﬀektive Paarwechselwirkungsparameter ergaben einen dominanten Term für
nächste Nachbarn, größer, als derjenige für Ni-87.8 at.% Pt.
Die Messung der Streuung an den oberﬂächennahen Schichten in Ni-23.2 at.%
Pt(110) wurde zusätzlich auf Basis einer tetragonalen Platzbesetzung ausgewertet, die wegen des Auftretens von Segregationsproﬁlen und interplanarer Relaxation eine gute Näherung der oberﬂächennahen Mikrostruktur darstellt. Zur
Vereinfachung wurden die Nachbarn dazu in drei Kategorien unterteilt: mit
Abstandsvektoren, die der Oberﬂächennormalen am nächsten liegen bzw. am
weitesten von ihr entfernt sind, und diejenigen, die dazwischen liegen. Damit
konnte zwar das Segregationsproﬁl nicht erkannt werden, die den nächsten Nachbarn entsprechenden eﬀektiven atomaren Verschiebungen dagegen zeigen Anzeichen für interplanare Relaxation.
Um der Messung an den oberﬂächennahen Schichten Volumendaten gegenüber
stellen zu können, wurde auch die diﬀuse Streuung im Volumen eines Ni-25.6(3)
at.% Pt-Einkristalls gemessen. Dieser wurde dazu bei 923 K ausgelagert und
in salzigem Eiswasser auf Zimmertemperatur abgeschreckt. Die gefundene Nahordnungsstreuung ist mit derjenigen von der oberﬂächennahen Region praktisch
identisch. Auch wurde unter den eﬀektiven Paarwechselwirkungsparametern wieder ein dominanter Term für nächste Nachbarn gefunden, größer im Betrag als
derjenige für Ni-87.8 at.% Pt, woraus sich schließen lässt, dass dies keine Besonderheit der oberﬂächennahen Mikrostruktur ist, sondern vielmehr den Unterschied in der Zusammensetzung wiederspiegelt. Eﬀektive statische atomare Verschiebungen ergaben generell kleinere Beträge, als diejenigen der oberﬂächennahen Schichten. Am deutlichsten trat dies für die am nächsten liegenden Nachbarn
auf.
Die Methode der Streuung unter streifendem Einfall zur Untersuchung der
oberﬂächennahen Mikrostruktur wurde auch auf eine Ni-25.6(3) at.% Pt-Probe
mit (1 1 1)-Oberﬂäche, bei 853 K, angewandt. Bei dieser Messung ergab die
Nahordnungsstreuung jedoch Maxima mit über 10 L.u., aufgrund einer Messtemperatur nahe derjenigen des Ordnungs-Unordnungsübergangs. Zusätzlich musste
in der Auswertung inkohärente Fluoreszenzstreuung berücksichtigt werden, die
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Zusammenfassung
unbeabsichtigt mitgemessen worden war. Dass diese Messung dennoch ausgewertet und interpretiert werden kann, wird im Anhang dieser Arbeit behandelt.
Es wurden eﬀektive statische atomare Verschiebungen gefunden, die denen im
Volumen sehr ähnlich sind, was für die dicht gepackten (1 1 1)-Ebenen zu erwarten ist.
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1 Introduction
The prediction of ground state structures of any solid solution is even for binary
systems very diﬃcult because of an insuﬃcient knowledge of the interactions and
their dependence on composition which enter the Gibbs energy. As experiments
fail to realize equilibrium structures at low temperatures, other experimental
approaches are required. Here, diﬀuse scattering using x rays or neutrons has
proven fruitful to determine interaction parameters by investigating solid solutions above the order-disorder transition temperature. Prerequisites are that the
state investigated is in thermal equilibrium, and that the ordered structure has
the same lattice as the solid solution. Then, using the ordering energy obtained
from the interactions, the stability of plausible ordered structures can be investigated. Note that no conclusion on the ﬁnal state may be drawn, since this
would require the knowledge of the enthalpy of mixing which is not accessible by
a diﬀuse scattering experiment.
In the present work, the Ni-Pt system is studied which, from the point of view
of basic research, still misses detailed knowledge about the bulk microstructure.
As can be seen in the Ni-Pt phase diagram according to Massalski [1], Fig. 1.1, two
intermetallic phases have been identiﬁed experimentally up to now, namely Ni3 Pt
and NiPt. For NiPt, a ﬁrst-order phase transition takes place at 645◦ C, below
which it orders into the L10 structure. The latter has tetragonal symmetry with
a c/a ratio of 0.939 [2]. In case of Ni3 Pt, a cubic-to-cubic phase transition takes
place at 580◦ C into the L12 structure. The unit cells of both ordered structures
are shown in Fig. 1.2. At higher temperatures up to about 1420◦ C Ni-Pt exists
as a solid solution on a face-centered cubic (f.c.c.) lattice over the whole range
of composition. Also indicated in the phase diagram is the Curie temperature
rapidly decreasing with increasing Pt fraction [3]. On the Pt-rich side, however,
not much is known from experiments yet.
Concerning detailed studies on the bulk microstructure, two experiments on
Ni-Pt were reported employing diﬀuse scattering. Saha and Ohshima [4] investigated Ni1−x Ptx single crystals in solid solution with x = 0.25, 0.35, 0.44, and
0.50 Pt fraction, respectively, using electron and x-ray diﬀraction. For the x-ray
diﬀraction experiment on a Ni-50 at.% Pt sample which was quenched to room
temperature from 1073 K, they found strong diﬀuse maxima at 1 0 0-type of position, the positions of the superstructure reﬂections of the L10 structure. Since
ordering kinetics near the 1:1 stoichiometry at 1023 K shows a relaxation time of
about 12 s [5], the quenching process might add to diﬀerences and the state of
the sample during the measurement does not correspond to the equilibrium state
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Figure 1.1: Phase diagram of the Ni-Pt system according to Massalski [1].

of the aging temperature. Thus, interaction parameters may not be determined.
Rodriguez et al. [7] studied 62 Ni-48 at.% Pt by neutron scattering, investigating local atomic conﬁgurations and eﬀective static atomic displacements. For
neutrons, the 62 Ni isotope has a negative scattering length of about the same
modulus as Pt. So near the 1:1 stoichiometry, the average scattering length is
close to zero and, therefore, the scattering from the average lattice is suppressed,
leaving diﬀuse scattering undisturbed of Bragg scattering. In contrary, natural Ni-Pt provides a very weak scattering contrast for neutrons, in addition to
Ni being a strong incoherent scatterer. For their investigation, Rodriguez et al.
prepared the sample by quenching it to room temperature from 973 K. For the
reason given above on the ordering kinetics at this temperature and composition,
they examined the shape of the diﬀuse peaks in an additional experiment, with
diﬀerent temperatures applied to the sample, to identify the equivalent temperature of the quenched sample. With that, they were able to determine interaction
parameters.
Based on ﬁrst-principles calculations, several studies report on the electronic
origin of thermodynamic properties, phase stability, and ordering behavior [8–12],
by which the measured short-range order in the bulk as described in Ref. [4], and
the bulk order-disorder transition temperatures could be reproduced. Also, NiPt3
with a L12 structure was noted as a possible intermetallic phase in Ni-Pt [3, 12].
Recently, based on the idea of “inﬁnite adaptive structures” and employing ﬁrstprinciples electronic structure calculations, NiPt7 was suggested as a new inter-
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Figure 1.2: Unit cells of the known intermetallics, Ni3 Pt (L12 ) and NiPt (L10 ),
and of the suggested NiPt7 structure [13]. Filled circles: Ni, open circles: Pt.

metallic phase [13] on the Pt-rich side. The concept of inﬁnite adaptive structures
was ﬁrst noted experimentally by Anderson [14]; he recognized a category of ordered crystals that can attain a unique, fully ordered structure without defects,
and with no two-phase regions between successive structures, for every possible
composition within certain composition limits. These structures would have fairly
large unit cells built up on basic subunits of the underlying lattice. In case of
NiPt7 , Sanati et al. [13] suggested this structure to be built up by the stacking
of (0 0 1) planes, as shown in Fig. 1.2, stabilized by long-range strain-induced
interactions. The order-disorder transition temperature of NiPt7 was determined
to be 371 K, a temperature expected to be too low for the ordered structure to
be realized experimentally, since kinetics might then be too sluggish. At least,
this is indicated for Ni-rich Ni-Pt by electrical resistometry measurements on the
relaxation times of long-range and short-range ordering [5].
In terms of technical applications, Ni-Pt alloys have attracted much interest because of their potential in catalysis, given the useful catalytic properties of its pure
constituents; for example, nickel cracks hydrocarbons, while platinum promotes
its isomerization [15, 16], and the idea of alloying them to tailor and optimize
important catalytic parameters like activity and selectivity seemed attractive. It
was found that Ni-50 at.% Pt(111) reveals a much larger selectivity with respect
to butenes in the hydrogenation of butadiene than pure Pt(111) [17]. On the
other hand, Ni-50 at.% Pt(110) is highly active for that hydrogenation [18].
Therefore, in contrast to the few experiments on the bulk microstructure, the
surface and near-surface regions of Ni-Pt single crystals were studied in more
detail. A diversity of surface sensitive experimental techniques were applied to
study this regime to a depth of very few layers. These techniques comprise lowenergy electron diﬀraction (LEED), current-voltage characteristics in combina-
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tion with calculations of structural models [19–23], and also in combination with
x-ray photoelectron spectroscopy (XPS) [24], and medium-energy ion scattering
in combination with shadowing and blocking (MEIS-SB) [25]; methods which are
limited to the investigation of the ﬁrst three to ﬁve layers. Other methods like
Auger electron spectroscopy (AES) [26, 27] and incidence-dependent excitation
for Auger spectroscopy (IDEAS) [23, 28], respectively, low-energy ion scattering
(LEIS) [24, 26, 29, 30] and scanning tunneling microscopy (STM) [23, 23, 31–34]
are further restricted to the ﬁrst two layers or only the top-layer in the case of
STM. It was found that Ni-Pt alloys show segregation with a damped oscillatory
proﬁle reaching the bulk concentration after 4-5 monolayers. The segregation
proﬁle is most pronounced for the equimolar composition, for which the ﬁrst two
layers of the (1 1 0) surface almost exclusively consist of pure Ni and pure Pt,
respectively [21]. In addition, a segregation reversal was observed, i.e. the segregation proﬁle depends on the crystallographic orientation of the surface; e.g., the
topmost layer of the Ni-50 at.% Pt(111) surface is enriched by Pt to a concentration of 88(2) at.% [19, 25], whereas the (1 1 0) topmost layer contains almost no
Pt [21].
Theoretically, the segregation of an alloy is driven by a rearrangement of the
bonding electron gas when a “semi-inﬁnite” crystal is cut from the “inﬁnite” bulk
material. Taking into account the driving forces, namely the diﬀerence in surface energy, ordering energy (including strain-induced eﬀects), and the energy of
mixing, diﬀerent approaches have been successfully applied to reproduce the experimental (1 1 1) and (1 1 0) segregation proﬁles. Since the early modeling based
on the tight-binding approach [35], other approaches like the embedded-atom
method for enthalpy modeling and Monte-Carlo simulations to consider conﬁgurational entropy in the Gibbs energy [36], and density-functional theory using the
Korringa-Kohn-Rostoker Green’s function method with speciﬁc adaptations for
the bulk alloy and the surfaces [37], were successfully implemented to reproduce
the experimentally observed segregation reversal.
Due to a size diﬀerence between the Ni and the Pt atoms of ∼11%, interplanar
relaxation accompanies the segregation proﬁle. This relaxation can reach substantial magnitudes like for the open (1 1 0) surface of Ni-50 at.% Pt, showing a
contraction of 19% between the ﬁrst and the second layer, an expansion of 11%
between the second and the third, and a contraction of 1% for the two subsequent
layers [25]. In contrast, a relatively weak relaxation behavior was found for the
(1 1 1) surface according to its close-packed structure. The interplanar spacings
in this case show a contraction of 2% between the ﬁrst and the second, and the
second and third layer [19,25], and a negligible distance change between the third
and the fourth layer [19].
Reconstruction is a well known phenomenon for surfaces, most frequently encountered for those with a [1 0 0] oriented surface normal. Pure Pt(100) shows a
hexagonally close packed reconstruction of the topmost layer that is geometrically
incoherent with the second layer; at 1100 K the ﬁrst layer is slightly rotated by
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0.7◦ relative to the second, while reconstruction may be absent for higher temperatures [38]. The [1 1 0] oriented surface of pure Pt reconstructs into a (1 × 2)
missing row structure [39]. No reconstruction is observed for pure Ni. In the
case of the Ni-Pt system, superstructures corresponding to (12 × 1) and (19 × 1)
reconstructions were observed for the Ni-50 at.% Pt(100) surface with a quasihexagonal atomic mesh [23]. For Ni-10 at.% Pt(100) and Ni-25 at.% Pt(100) no
long-range reconstruction was found, though a local reconstruction with shifted
rows is observed [32] (see also Ref. [40] for an overview on surface properties of
Pt containing alloys).

The aim of this thesis is
• to provide experimental evidence for the presence/absence of the suggested
structure NiPt7 , or any other superstructure on the Pt-rich side. In case of
NiPt7 , the stability of this structure will be studied in terms of the ordering
energy. For that, eﬀective pair interaction parameters will be determined
by a diﬀuse x-ray scattering experiment on a sample with Ni-87.5 at.% Pt in
a state of thermal equilibrium in solid solution. The heat treatment parameters for the setup of this state will be investigated by electrical resistivity
measurements.
• to apply the method of grazing incidence diﬀraction using synchrotron radiation to study the near-surface regime of Ni-rich Ni-Pt in solid solution.
Up to now, diﬀuse scattering under grazing incidence was employed as inplane scattering [41, 42]. It was successful to determine local order in the
near-surface regime of Pt-47 at.% Rh in dependence of the surface orientation [42]. In this thesis, also out-of-plane scattering will be considered to
determine a larger set of short-range order parameters. It will also be studied whether this method is capable to resolve the surface-relevant eﬀects of
segregation and interplanar relaxation.
Both topics will be accompanied by results of theoretical studies employing electronic structure calculations. The results will be included for comparison and
discussion. The theoretical work was done by A. V. Ruban from KTH Stockholm. For details of the work see Refs. [43, 44] and references therein.
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2 Theoretical basics
2.1 Conﬁgurational order in binary alloys
2.1.1 Short-range order
Considering a crystal of a binary alloy with N atoms of species A and B, the site
occupation number at lattice position i may be deﬁned as
⎧
⎨1 if position i is occupied by an A atom,
(2.1)
σiA ≡
⎩
0 if position i is occupied by a B atom,
and analogous for σiB . With this deﬁnition, the atomic fraction of component
μ = A, B is expressed as
cμ = σiμ  =

1  μ
σ ,
N i i

(2.2)

with cA + cB = 1 because every position can either be occupied by an A or a B
atom. A scattering experiment can not give access to the information about the
species μ at a single position i, only about correlations between two sites i and j
separated by rij = rj − ri . This is described by the pair correlation function
σiA σjB  =

1  A B
σ σ .
N i j i j

(2.3)

In case of a perfectly uncorrelated site occupation, this expression simpliﬁes to
σiA σjB  = σiA σjB  = cA cB . One now introduces the conditional probability
PijAB of ﬁnding a B atom at position j in a distance |rij | from an A atom at
position i as
σiA σjB 
AB
Pij =
.
(2.4)
σiA 
This probability has the following properties:
1. cA PijAB = cB PijBA , since the fraction of A-B pairs equals the fraction of B-A
pairs.
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2. At |rij | = 0 one gets PijAB = 0; the probability of ﬁnding a B atom at a
position that is already occupied by an A atom is zero.
A practical expression of such a pair correlation function for evaluating scattering intensities was introduced by Warren and Cowley [45]:
αij = 1 −

PijAB
.
cB

(2.5)

This relation between any positions i, j is referred to as the set of Warren-Cowley
short-range order parameters with the properties of PijAB expressed as:
1. αij = 1 −

AB
Pij
cB

=1−

BA
Pij
,
cA

and

2. αij = 1 at |rij | = 0.
Their practicability for the interpretation of scattering data becomes clearer
in Sect. 2.2.1. As the αij carry real-space information, they easily allow local
order and local decomposition to be discriminated; depending on the sign of the
nearest-neighbor (nn) short-range order parameter,
• there is local order if αnn < 0, and
• there is local decomposition if αnn > 0.
• If αi,j = 0, ∀i, j = i, the conﬁguration is statistically uncorrelated.
Note that this discrimination may lead to ambiguity if by chance αnn is close to
zero.
Of course, also a long-range ordered state like the L12 structure of Ni3 Pt in
Fig. 1.2 may be described in terms of Warren-Cowley short-range order parameters. In a cubic structure with basis vectors a1 , a2 , a3 (|a1 | = |a2 | = |a3 | = a = lattice parameter, ai · aj = 0, i = j), any neighboring position is usually given by a
set of three integers (l, m, n) with the distance vector
l
m
n
rlmn = a1 + a2 + a3 .
2
2
2

(2.6)

A shell lmn consists of all atoms which are generated by permutations of l,
m, n compatible with the underlying crystal structure. In the f.c.c. lattice, this
makes up six types of shells, namely l00(6), ll0(12), lll(8), lm0(24), lmm(24), and
lmn(48), respectively. The numbers in brackets give the multiplicity of neighbors
per shell.
Then, for the L12 structure with one atom species on the corner position (lmn
all even) and the other on the face-centered position (lmn mixed), it is αlmn = 1
for the ﬁrst case, and αlmn = −1/3 for the latter. It becomes clear that an inﬁnite
number of αlmn is necessary to build up long-range order. A diﬀerent approach
is more suited in this case.
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2.1.2 Long-range order
To describe a long-range ordered conﬁguration of A and B atoms, the traditional approach is to divide the corresponding lattice into sublattices exclusively
occupied either by A or B atoms. Considering the example of the last section
again, the L12 structure, there are four simple cubic sublattices to build up the
superstructure; one occupied by the Pt atoms on the corner positions, and three
occupied by Ni atoms at the three face-centered positions. If the Pt sublattice
is denoted by α with site fraction of the unit cell yα , and the three Ni sublattices by β (the three Ni sublattices are not distinguishable) with yβ , the following
fractions are introduced:
• rα : fraction of correctly occupied sites on the α sublattice,
• rβ : fraction of correctly occupied sites on the three β sublattices,
• wα : fraction of incorrectly occupied α sites,
• wβ : fraction of incorrectly occupied β sites.
Since these four fractions fulﬁll the three relations
rα + wα = 1,
rβ + wβ = 1,
yα rα + yβ w β = cA ,

(2.7)
(2.8)
(2.9)

there is only one independent parameter, the Bragg-Williams long-range order
parameter [46]:
η = rα − w β .
(2.10)
In the stoichiometric case this parameter η takes on values between 0 (complete
randomness) and 1 (complete order).
By combining Eqs. (2.7) to (2.9), Eq. (2.10) is rewritten for the oﬀ-stoichiometric
case as
rα − cA
η=
.
(2.11)
1 − yα
If, e.g., cA > yα , then rα = 1 can be reached and η < 1 will result. The maximum
degree of long-range order in oﬀ-stoichiometry is always smaller than unity (see
also [47]).
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2.2 Diﬀuse x-ray scattering
First, a system is considered consisting of N identical atoms as scattering centers
with atomic scattering factor f , all ﬁxed to the positions of the average lattice r0i .
The scattered intensity of this system, given in “electron units” (eu)1 , is within
the kinematic approximation given by

0
eiq · rij .
(2.12)
Itotal (q) ≡ f f ∗
i

j

Here, r0ij = r0j − r0i is the distance vector connecting two scattering centers at
positions i and j, and q is the scattering vector q = k − k with |q| = (4π/λ) sin θ
for elastic scattering (|k | = |k|). The vectors k and k are the wave vectors of
the incoming and outgoing wave, respectively, 2θ is the scattering angle, and λ
the wavelength. The atomic scattering factor depends on the magnitude of the
scattering vector, f = f (sin θ/λ).
For a binary system at ﬁnite temperatures, Eq. (2.12) has to be adjusted in
the following way:
1. Two scattering factors fA , fB are introduced.
2. A size diﬀerence between atoms A and B forces the atoms to deviate from
their ideal positions by a displacement vector δ.
3. Due to the thermal motion of the atoms around their equilibrium positions,
dynamic displacements u are present in addition to the static ones; the
actual position vector is given by ri = r0i + δ i + ui .
4. As a scattering experiment with x rays takes “snapshots” of the structure,
spatial and temporal averages over all scattering centers are only accessible.
Including these considerations, Eq. (2.12) reads:

0
Itotal (q) =
fi fj∗ eiq · rij eiq · (δi −δj ) eiq · (ui −uj ) 
i

≡

j


i

fi fj∗ Aij (q)eiq · δij eiq · uij ,

(2.13)

j

with Aij (q) = exp(iq · r0ij ) being the phase factor of the average lattice. Under the
condition of small amplitudes of the thermal vibrations, |q · uij |  1, the last term
in Eq. (2.13) can be approximated by a Gaussian distribution of displacements
1

I.e. in terms of the Thomson scattering length re = (1/4π0 )(e2 /me c2 ) = 2.28 × 10−15 m,
with e being the electric charge, me the electron mass, c the speed of light, and 0 the
vacuum permittivity.
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around the equilibrium position;
eiq · uij  ≈ e−(q · uij )
with

2 /2

= e−Mi e−Mj e(q · ui )(q · uj ) ,

e−Mi = e−8π

2 u2 (sin θ/λ)2
i

.

(2.14)

Further, it is assumed that the thermal displacements are the same for the two
kinds of atoms, so that the approximation Mi ≈ Mj = M , and thus e−Mi e−Mj ≈
e−2M , holds. The latter is the dynamic (thermal) Debye-Waller factor (DWF).
Also assuming small static displacements, |q · δ ij |  1, and writing fi ≡ fi e−M
and fj ≡ fj e−M , respectively, Eq. (2.13) can be given in a practical form for the
further evaluation of the scattering contributions:

Itotal (q) ≈
fi fj∗ Aij (q)e(q · ui )(q · uj )
i

+ i

j


i

−

fi fj∗ Aij (q)(q · δ ij )e(q · ui )(q · uj )

(2.15)

j

1    ∗
f f Aij (q)(q · δ ij )2 e(q · ui )(q · uj )
2 i j i j

+ ···

2.2.1 Short-range order scattering and thermal diﬀuse
scattering
Here, only the ﬁrst term in Eq. (2.15) is considered. Then,
1. assuming small amplitudes of the thermal vibrations, e(q · ui )(q · uj ) is expanded up to third order, and
2. spatial averaging of the scattering factors is done in terms of the conditional
probabilities Pijμν , Eq. (2.4), and the Warren-Cowley short-range order parameters αij :
fi fj∗  = fA fA∗ cA PijAA + fA fB∗ cA PijAB + fB fA∗ cB PijBA + fB fB∗ cB PijBB
= |cA fA + cB fB |2 + cA cB |fA − fB |2 αij .
This yields

i

fi fj∗ Aij (q)e(q · ui )(q · uj ) ≈

j
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|cA fA + cB fB |2
+ cA cB |fA − fB |2
+


i


i

j

i

j



Aij (q)
αij Aij (q)

fi fj∗ Aij (q)(q · ui )(q · uj )

(2.16)

j

1    ∗
f f Aij (q)[(q · ui )(q · uj )]2 
+
2 i j i j
1    ∗
f f Aij (q)[(q · ui )(q · uj )]3 
+
6 i j i j
+ ···

The ﬁrst term in Eq. (2.16) describes the Bragg scattering, IBragg , from the average “gray” lattice with the average scattering factor cA fA + cB fB . The second
term depends on the scattering contrast |fA − fB |2 and describes the short-range
order scattering ISRO . The remaining terms are the thermal diﬀuse scattering
ITDS of ﬁrst, second, third order, etc.
Thermal diﬀuse scattering is a coherent scattering contribution, as thermal
motion of the atoms around their equilibrium positions is correlated (phonons),
and is strongest around the Bragg positions (ﬁrst-order TDS). All coherent contributions (including TDS) are reduced according to the Debye-Waller factor.
Unfortunately, TDS can not be (easily) separated experimentally with x rays, for
the excitation energies of phonons are in the range of 10 meV, whereas x rays
usually have energies around 10 keV. But it can be calculated and subtracted.
For that, the elastic constants are needed (see [6, 48, 49]).
The thermal DWF is calculated by [6, 48]


1
T
32
Mdyn =
+
φ(ΘD /T ) |q|2 ,
(2.17)
2mkB ΘD 4 ΘD
with the Debye temperature ΘD , the molecular
weight m, the measuring temper
−1 x
t
ature T , and the integral φ(x) = x
t/(e − 1)dt.
0

2.2.2 Displacement scattering
Next, the second and third term in Eq. (2.15) are considered. The ﬁrst step in
rewriting them is again the consideration of small-amplitude thermal vibrations,
and e(q · ui )(q · uj ) ≈ 1. Also, the scattering-factor averages will be given in terms
of the Warren-Cowley short-range order parameters again. But in addition, the
existence of the average lattice will be exploited, i.e. the average total static
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displacements of all pairs in a given shell is zero. This is expressed by the relation
AB
BB
AB
BA BA
BB
cA PijAA δ AA
ij  + cA Pij δ ij  + cB Pij δ ij  + cB Pij δ ij  = 0,

(2.18)

with only two linear independent species-dependent displacements because δ AB
ij  =
BA
δ ij .
The second term in Eq. (2.15) is called size eﬀect scattering ISE (or “linear
displacement scattering” due to the linear dependence on the scattering vector);

i
fi fj∗ Aij (q)(q · δ ij ) = ISE ≈
i

j

icA cB |fA − fB |2

i


×



η

Aij (q)

j

cA
+ αij q · δ AA
ij  − ξ
cB

(2.19)

cB
BB
+ αij q · δ ij  ,
cA

and the third term the so-called Huang scattering IH (quadratic displacement
scattering);
−

1    ∗
f f Aij (q)(q · δ ij )2  = IH ≈
2 i j i j


1

 2
cA cB |fA − fB |
Aij (q) η̃ 2
−
2
i
j
2
˜2
+ 2ηξ(1 − αij )(q · δ AB
ij )  + ξ

cA
2
+ αij (q · δ AA
ij ) 
cB

cB
BB 2
+ αij (q · δ ij )  .
cA

(2.20)

In ISE and IH , the following scattering-factor ratios have been introduced:
fA
fB
η = Re
,
ξ
=
Re
fA − fB
fA − fB



2
 fA
 fB
2

2
2
 , ξ˜ = 
 ,
η̃ =  
 

 

fA − fB
fA − fB
fA fB∗
.
ηξ = Re
|fA − fB |2

,
(2.21)

The static atomic displacements also give rise to a static contribution in the
total Debye-Waller factor, exp(2Mtot ) = exp(2Mdyn + 2Mstat ); in case of f.c.c.

13

2 Theoretical basics
crystals, an approximation of Mstat is given by [48]:
Mstat =

a1
cA cB
2

1+ν
1−ν

2

3 da
a dcA

2

4a2 .

(2.22)

Therein, ν is the Poisson’s ratio, and a1 = 0.0587 for the f.c.c. lattice.
In summary, the total scattered intensity from a binary alloy is given by
Itotal = IBragg + ITDS + IFluo + ICompton + ISRO + ISE + IH
≡ IBragg + ITDS + IFluo + ICompton + I 

(2.23)

The term IBragg is the elastic coherent scattering from the average lattice. The
inelastic terms are the coherent thermal diﬀuse scattering, ITDS , the incoherent
ﬂuorescence, IFluo , and the Compton scattering, ICompton . The term I  is the
coherent elastic contribution to diﬀuse scattering arising because of static deviations from the translational invariance of the lattice. Fluorescence is conveniently
avoided by setting appropriate energy thresholds for the detector.

2.2.3 Diﬀuse scattering from face-centered cubic crystals
For the face-centered cubic structure, the connecting vectors r0ij are given according to Eq. (2.6)
l
m
n
r0ij = a1 + a2 + a3 ,
(2.24)
2
2
2
and the static displacements by
δ ij = δ lmn = xlmn a1 + ylmn a2 + zlmn a3 .

(2.25)

The reciprocal lattice vectors in this system are
a2 × a3
2π a1
· ,
=
a1 · a2 × a3
a a
a3 × a1
2π a2
· ,
=
=
a1 · a2 × a3
a a
a1 × a2
2π a3
· ,
=
=
a1 · a2 × a3
a a

b1 =
b2
b3

(2.26)

by which the scattering vector q can be expressed as
q = h1 b1 + h2 b2 + h3 b3 .

(2.27)

The values (h1 , h2 , h3 ) are the components of the scattering vector in “reciprocal
lattice units” (r.l.u.), h = q/(2π/a).
Assuming short-range order to be “homogeneous” (“statistical model”), a sta-
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tistical sampling on the conﬁguration of each neighboring shell is appropriate
and the double sums in the Fourier series of the scattering contributions can be
rewritten;


→ N
.
(2.28)
i

j

lmn

Then, the elastic coherent diﬀuse scattering I  (h) reads
I  (h)
= ISRO (h)
N cA cB |fA − fB |2

BB
hi [ηQAA
+
i (h) + ξQi (h)]
i=x,y,z

+



h2i

i=x,y,z

+





(2.29)


AA
AB
BB
2
2
˜
˜
η Ri (h) + 2ηξRi (h) + ξ Ri (h) +



hi hj η˜2 SijAA (h) + 2ηξSijAB (h) + ξ˜2 SijBB (h) .

i<j
i,j=x,y,z

μν
This expression contains the 25 Fourier series ISRO (h), Qμμ
i (h), Ri (h), and
μν
Sij (h). For i = x, j = y, μ = ν = A, an example is given by

ISRO (h) =



αlmn cos(πh1 l) cos(πh2 m) cos(πh3 n),

(2.30)

lmn

QAA
x (h) = −2π


lmn

RxAA (h) = −2π 2


lmn

AA
Sxy
(h) =

4π 2


lmn

cA
A
+ αlmn xA
lmn − x000  sin(πh1 l) cos(πh2 m) cos(πh3 n),
cB
cA
A
+ αlmn xA
000 xlmn  cos(πh1 l) cos(πh2 m) cos(πh3 n),
cB
cA
A
+ αlmn xA
000 ylmn  sin(πh1 l) sin(πh2 m) cos(πh3 n).
cB

In Eq. (2.29), I  (h) is given in terms of N cA cB |fA − fB |2 . This factor is called
one “Laue unit” (L.u.). It is the short-range order scattering in case of a statistically uncorrelated atomic arrangement; as αlmn = 0 besides α000 = 1, short-range
order scattering is unmodulated and is called monotonous Laue scattering.

2.2.4 Diﬀuse scattering under tetragonal symmetry
When considering the scattering from the near-surface regime, deviations from
the cubic symmetry are to be expected because of the occurrence of segregation
and interplanar relaxation in this region. This is accounted for by breaking up
the cubic symmetry in Eq. (2.29) into tetragonal symmetry in occupation according to the respective surface normal (and not by assuming a diﬀerent underlying
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Table 2.1: Projection PE of the distance vector rlmn onto the surface normal of
the high-symmetry surfaces.
Surface normal PE =
[100]

l

[110]

l+m

[111]

l+m+n

crystal structure). Strictly speaking, the symmetry would be orthorhombic in
case of, e.g., a [110] surface orientations. To restrict the number of Fourier coeﬃcients, only three kind of neighborhoods are distinguished; one with the distance
vector perpendicular to the surface normal, one parallel to it, and all others are
summarized as in-between. They are discriminated by the projection PE of the
corresponding distance vector onto the surface normal. An example is provided
in Table 2.1. Hence, all atoms within a neighboring shell lmn are allocated to be
either “perpendicular” (per) to the surface normal (|PE | = |PEmin |), “parallel” (par)
to it (|PE | = |PEmax |), or “in-between” (inb). As a result, there are at most three
Fourier coeﬃcients for short-range order scattering per shell (instead of one in
the cubic lattice) and nine Fourier coeﬃcients for linear displacement scattering
(instead of six).
For the four nearest-neighbor shells, the distinguishable neighbors in the case
of tetragonality along [110] are given in Table 2.2.

2.2.5 Separation of the scattering contributions
To separate the diﬀerent contributions in the total scattered intensity Eq. (2.23),
the inelastic and incoherent scattering, ITDS and ICompton , have to be calculated
and subtracted [50,51]. For the separation of the remaining elastic coherent scattering contributions in I  , namely short-range order, linear and quadratic displacement scattering, two approaches are applied; those of Georgopoulos and Cohen
(GC) [54] and of Borie and Sparks (BS) [52]. A third approach was introduced by
Williams [55] for the case that it is not possible to measure symmetry-equivalent
positions (symmetry-equivalent positions are those positions where the Fourier
series do not vary but in sign - of course the diﬀerent Fourier series will have different values - they are usually grouped with respect to the minimum separation
volume of short-range order). In this work, this is due to limited beam time for
the grazing incidence x-ray diﬀraction measurement at a storage ring.
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Table 2.2: Sites of distinguished neighbors in case of tetragonality along [110].
The numbers in brackets for the cubic case give the numbers of neighbors in the
corresponding shell.
cubic
1,1,0(12)

2,0,0(6)

2,1,1(24)

tetragonal
per

par

inb

1̄,1,0

1,1,0

1,0,1 1̄,0,1 0,1,1 0,1̄,1

1,1̄,0

1̄,1̄,0

1,0,1̄ 1̄,0,1̄ 0,1,1̄ 0,1̄,1̄

0,0,2

2,0,0 0,2,0

0,0,2̄

2̄,0,0 0,2̄,0

1̄,1,2 1̄,1,2̄

1,2,1 1,2,1̄ 2,1,1 2,1,1̄

1̄,2,1 1̄,2,1̄ 2,1̄,1 2,1̄,1̄

1,1̄,2 1,1̄,2̄

1̄,2̄,1 1̄,2̄,1̄ 2̄,1̄,1 2̄,1̄,1̄

1,2̄,1 1,2̄,1̄ 2̄,1,1 2̄,1,1̄
1,1,2 1,1,2̄
1̄,1̄,2 1̄,1̄,2̄

2,2,0(12)

2,2̄,0

2,2,0

2,0,2 2,0,2̄ 0,2,2 0,2,2̄

2̄,2,0

2̄,2̄,0

2̄,0,2 2̄,0,2̄ 0,2̄,2 0,2̄,2̄

The Georgopoulos-Cohen method
With this technique, the scattering vector dependence of the atomic scatteringfactor ratios is explicitly exploited to allow the species-dependent displacements
to be uncovered. This gives a system of equations of the form
Î(N ) = Â(N, M )X(M )

(2.31)

to be solved. Here, Î is the weighted intensities at the N symmetry-equivalent
positions, Â the weighted coeﬃcient matrix that contains the sine and cosine
terms, the explicit dependence on the scattering vector h, and the scattering
factors fμ , and X the solution vector with M = 25 unknowns from ISRO , Qμμ
m ,
μν
μν
Rm , and Smn . For solving Eq. (2.31), it must be over-determined, i.e. N > M .
In practice, about 150 measured sets of symmetry-equivalent positions are taken
into account, on a grid of 0.1 r.l.u. within the minimum volume of short-range
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order. The symmetry-equivalent position of any position is obtained by applying
the symmetry operations which deﬁne the lattice. To stabilize the ﬁtting, the
magnitude of the solution vector is incorporated, weighted by a damping factor
ζ (ridge-regression method) [56–58]. The equation to be solved then reads
N


|Iˆi − Âij Xj |2 + ζ 2

i=1

M


Xk2 = min.

(2.32)

k=1

The estimator Xj is the vector

Xj



T

Â Â

=

−1

T

Â + ζ

2

M



Iˆi .

Xk2

k=1

(2.33)

ji

For the damping factor ζ 2 ≡ 2λ , a step width of 1 in λ is applied.
The Borie-Sparks method
Here, it is assumed that the scattering-factor ratios η and ξ vary in a negligible
way in reciprocal space; the number of Fourier series in Eq. (2.29) reduces from
25 to 10 because the species dependence in linear and quadratic displacement
scattering is no longer resolvable and has to be replaced by linear combinations;
BB
Qi (h) = ηQAA
i (h) + ξQi (h),
Ri (h) = η˜2 RAA (h) + 2ηξRAB (h) + ξ˜2 RBB (h),

Sij (h) =

i
AA
2
˜
η Sij (h)

+

i
AB
2ηξSij (h)

+

i
BB
2
˜
ξ Sij (h),

(2.34)

with, e.g.,
Qx (h) =



γx,lmn sin(πh1 l) cos(πh2 m) cos(πh3 n),

lmn

Rx (h) =



δx,lmn cos(πh1 l) cos(πh2 m) cos(πh3 n),

(2.35)

lmn

Sxy (h) =



xy,lmn sin(πh1 l) sin(πh2 m) cos(πh3 n).

lmn

A separation of the Fourier series may now be done in two ways: either similar
to a Georgopoulos-Cohen evaluation (but with the reduced number of 10 Fourier
series, as in this work), or by determining positions within a given separation

18

2.2 Diﬀuse x-ray scattering
volume. For the latter case, η = ξ = constant has to be used to obtain [53]:
8Rx (h1 , h2 , h3 ) = I  (2 + h1 , h2 , h3 ) − 2I  (h1 , h2 , h3 )
+I  (2 − h1 , h2 , h3 ),
4Sxy (h1 , h2 , h3 ) = I  (h1 , h2 , h3 ) − I  (2 − h1 , h2 , h3 )
−I  (h1 , 2 − h2 , h3 ) + I  (2 − h1 , 2 − h2 , h3 ),

(2.36)

2Qx (h1 , h2 , h3 ) = I  (h1 , h2 , h3 ) − I  (2 − h1 , h2 , h3 )
−4(h1 − 1)Rx (h1 , h2 , h3 ) − 2h2 Sxy (h1 , h2 , h3 )
−2h3 Sxy (h1 , h2 , h3 ),
and ISRO (h) is successively obtained from Eq. (2.29).
The Fourier coeﬃcients γx,lmn , γy,lmn , γz,lmn contain eﬀective static atomic
displacements, the species dependence is lost. Note that the series for shortrange order scattering - though it holds no species dependence - may then become
incorrect, if just one contribution is incorrectly separated.
Strictly speaking, the approximation of η/ξ = constant hardly holds for x rays
(while η = ξ = constant for the scattering with neutrons) because the fμ (|h|)
always vary diﬀerently with scattering vector |h|. Still, it is often applied as
it provides a means to judge the stability of ISRO from a Georgopoulos-Cohen
evaluation.
The Williams method
In this approach, the Fourier coeﬃcients of the diﬀerent Fourier series are directly
ﬁtted. Like with the Borie-Sparks method, the number of series included is 10
and, hence, species-dependent displacements are also not accessible.
The criterion for a good ﬁtting is the minimum of the standard deviation


T

ΔX =
with
χ2 =

Â Â

−1

χ2 ,

(2.37)

2
N 

Iˆi − Iˆi

i=1

N −M

.

(2.38)
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The quality of ﬁtting is given by the “R value” deﬁned as

2
N 

Iˆi − Iˆi
i=1



R=

N

Iˆi2

.

(2.39)

i=1

2.3 Grazing incidence diﬀraction
When x rays get diﬀracted from the atoms in a material, the forced oscillation of
the core electrons introduces a phase shift of π between the incoming and outgoing
beam. As a result, when x rays enter materials from vacuum, they are always
refracted oﬀ the surface normal which leads to total reﬂection for suﬃciently
small glancing angles. This means that the index of refraction n of practically
any material is slightly smaller than 1. Within a macroscopic description, this
eﬀect is accounted for by writing for the index of refraction
n = 1 − δ.

(2.40)

The quantity δ is obtained by comparing the macroscopic description of refraction
with the microscopic description of scattering by atoms, yielding
δ=

2πρe re
,
k2

(2.41)

with k being the modulus of the wave vector |k| = k = 2π/λ, ρe the electron
density, re the Thomson radius, and f the atomic scattering factor.
With the inclusion of absorption, f becomes a complex number;
f = f 0 + f  + if  .

(2.42)

Therein, f  and f  are the Hönl dispersion corrections [59, 60]. Then, also the
index of refraction becomes complex and reads
n = 1 − δ + iβ,

(2.43)

with (ρa = atomic number density)
2πρa [f 0 (θ = 0) + f  ]re
,
k2
2πρa f  re
.
β = −
k2
δ =

20

(2.44)

2.3 Grazing incidence diﬀraction
A relation between β and the linear absorption coeﬃcient μ is given by
2βk = μ.

(2.45)

Combining Eq. (2.43) with Snell’s law, n = cos α/ cos α (α = angle of incidence, α = angle of refraction), and expanding the cosine for small angles,
gives
α2 = α2 − 2(δ − iβ).
(2.46)
With the condition α = 0 (and neglecting absorption), this yields an expression
for the critical angle of total reﬂection:
√
αc = 2δ.
(2.47)
Hence, the critical angle depends via δ on the scattering factor and the Hönl correction term f  and, therefore, is a material-speciﬁc quantity. For x-ray energies
of ∼10 keV and Z ≈ 40, αc is in the order of magnitude of a few tenth of a degree.
For incidence angles α < αc , an evanescent wave is excited that propagates parallel to the surface. Perpendicular to the surface, the amplitude of the transmitted
wave in dependence of depth z decreases exponentially as exp[−k Im(α )z] with a
characteristic length Γ = [2k Im(α )]−1 . For x-ray energies and atomic numbers
as considered above, Γ is in the order of magnitude of 10-20 monolayers. This is
exploited in the technique of grazing incidence diﬀraction (GID); the incidence
angle is ﬁxed to a value α < αc (usually α ≈ 0.75αc is taken) to limit the penetration depth to the “near-surface regime”. Then, by also choosing α < αc , only the
correlations parallel to the surface are mapped by the diﬀraction of the evanescent wave (referred to as “in-plane” scattering), whereas by choosing α > αc the
scattering vector receives an additional component perpendicular to the surface
(referred to as “out-of-plane” scattering).
According to Fresnel, the transmission coeﬃcient T for the evanescent wave (α
small), is given by (see e.g. Ref. [61])
 2 

 AT 
 2α 2



 ,
T ≡  =
(2.48)
AI
α + α 
with AI , AT being the amplitudes of the incident and transmitted electromagnetic
wave, respectively. The dependence of T on the scattering angle α/αc is illustrated in Fig. 2.1 for diﬀerent absorption parameters b ≡ (2k/|qc |)2 β = μ/(2kαc2 ).
The transmission coeﬃcient T will be required for combining in-plane and
out-of-plane scattering data in a GID experiment. Within the distorted-wave
Born approximation [62], this would give two correction factors: one for the
incoming beam, 1/|T (αin )|, and one for the scattered beam, 1/|T (αout )|. However,
since it is diﬃcult to calculate the absorption parameter for a real surface due
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Figure 2.1: Transmission coeﬃcient of the evanescent wave in dependence on
the scattering angle α/αc for diﬀerent absorption parameters b.

to the inﬂuence of surface roughness, an experimental approach is used by the
measurement of ﬂuorescence lines with an abundance IFluo
I  (i.e. at positions
with negligible elastic coherent scattering) at in-plane and out-of-plane positions
(see Sect. 4.2.2).

2.4 From the atomic conﬁguration to the ordering
energy and vice versa
Concerning site occupation, a short-range ordered atomic conﬁguration in thermodynamic equilibrium can in good approximation be described by the chemical
part of the ordering energy of the system at a given temperature. An approach
to the chemical part of the ordering energy for a binary system is based on an
Ising-type Hamiltonian in the form of
H   μ μ 1   μν μ ν
=
V i σi +
Vij σi σj ,
N
2
i,j
μ
μ,ν
i

(2.49)

i=j

μ, ν = A, B atoms. It is given in terms of the site occupation numbers σiμ ,
introduced in Sect. 2.1.1. The ﬁrst term includes the chemical potentials of the
components, V A and V B , which only depend on composition. The second term is
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μν
given by the pair interaction parameters Vlmn
. Pair correlations are accessible by
diﬀuse scattering, and the part of the Hamiltonian containing the Warren-Cowley
short-range order parameters can thus be determined. Higher-order interactions
(triplets, quadruplets, etc.) have been neglected in Eq. (2.49) because short-range
order scattering does not provide access to these correlations.
The internal energy of the system is given by the expectation value of the
Hamiltonian:

H = N (cA V A + cB V B )
N 
AA
BB
AB
(c2A Vlmn
+ c2B Vlmn
+ 2cA cB Vlmn
)
+
2 lmn=000

N
AA
BB
AB
+ cA cB
αlmn (Vlmn
+ Vlmn
− 2Vlmn
).
2
lmn=000

(2.50)

The ﬁrst term in this expression describes the chemical potential of the ensemble,
and the second the energy for the generation of a statistically uncorrelated atomic
conﬁguration; together, these terms give the energy of mixing. The energy of
formation is then given together with the third term, the ordering energy, which
is in its lowest approximation (i.e. without higher-order correlations),

ΔEord = N cA cB
αlmn Vlmn ,
(2.51)
lmn=000
AA
BB
AB
with Vlmn = (Vlmn
+ Vlmn
− 2Vlmn
)/2 being the eﬀective pair interaction (EPI)
parameters. Similar to the short-range order parameters, the sign of the nearestneighbor (nn) EPI parameter indicates whether there is local order (Vnn > 0) or
local decomposition (Vnn < 0). The ordering energy, ΔEord , is the only term in
the expression of the energy of formation which is dependent on local order and,
therefore, is the only term accessible by a diﬀuse scattering experiment. With
the knowledge of the ordering energy, Monte-Carlo simulations [63, 64] can be
performed to address the stability of structures at diﬀerent temperatures.

2.4.1 Equilibrium structures from Monte-Carlo simulations
As a method for an approximation-free determination of physical observables of
a system in thermodynamic equilibrium, Monte-Carlo simulations were applied
to ﬁnd equilibrium conﬁgurations based on the ordering energy. An observable
A is obtained by its expectation value Aeq , being the average over all states s
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with conﬁguration Ks and energy H(Ks ):

A(Ks )e−H(Ks )/kB T
,
Aeq = s  −H(Ks )/k T
B
e

(2.52)

s

with kB = Boltzmann factor and T = temperature.
In a canonical ensemble with NA A atoms and NB B atoms, the number of possible conﬁgurations is (NA + NB )!/NA !NB !. For Nμ ≈ 1023 per cm3 , this is a huge
number. However, Eq. (2.52) can be simpliﬁed by applying the concept of “importance sampling” [65]. Thereby, each conﬁguration Ks is weighted by its probability of occurrence in thermodynamic equilibrium, p(Ks ) ∝ exp(−H(Ks )/kB T ),
according to the Boltzmann statistics. The sampling process then becomes “quasi
random”, biased towards conﬁgurations that are signiﬁcantly populated around
the equilibrium conﬁguration in phase space. This means that the expectation
value of M states is given by the arithmetic average,
Aeq

M
1 
=
A(Ks ).
M s=1

(2.53)

Starting with any conﬁguration K0 , a stochastic chain of states, {K1 , K2 , ... ,
Kj , ...}, j ∈ s, is constructed in a way that the occurrence probabilities p(Ks )
and the transition probabilities W (Ks → Ks ) fulﬁll the condition of “detailed
balance” to reach the equilibrium state;
p(Ks )W (Ks → Ks ) = p(Ks )W (Ks → Ks ).

(2.54)

In this work, the transition probability
e−ΔH/kB T
W (Ks → K ) =
1 + e−ΔH/kB T
s

(2.55)

was used, with ΔH = H(Ks ) − H(Ks ).
A generated random number x ∈ (0, 1) then decides whether the new state Ks
will contribute to the average in Eq. (2.53) or not; only for W (Ks → Ks ) > x
the change to Ks is performed, otherwise the new conﬁguration Ks is skipped
and the old state Ks is counted instead.

2.4.2 The inverse Monte-Carlo method
To obtain the EPI parameters and thereof the ordering energy of a superstructure, the inverse Monte-Carlo method (IMC) [66] provides a statistical approach;
one starts with a model crystal in thermodynamic equilibrium based on the experimental set of short-range order parameters, with the observable being, e.g.,
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BB
the number of B-B pairs Nlmn
. Then, the conﬁguration is virtually changed by
considering site exchanges between nearby A and B atoms, with the new state
being close to the equilibrium state in phase space2 . “Virtually” means that the
site exchange is considered but not performed, otherwise the state of equilibrium would be lost. Summing up over many site exchanges, s = 1, ..., M , giving
BB
BB
changes ΔNlmn,s
for shell lmn, the observable Nlmn
should not change and the
equality
M

e−ΔHs /kB T
BB
ΔNlmn,s
=0
(2.56)
−ΔHs /kB T
1
+
e
s=1

has to hold for any neighboring shell lmn. Using the energy change for any shell,

BB
ΔNlmn,s
Vlmn ,
(2.57)
ΔHs = 2
lmn

one obtains a system of coupled equations for Eq. (2.56);

BB

exp(−2
s ΔNlmn,s Vlmn /kB T )
BB

=0
ΔNlmn,s
BB
1 + exp(−2 s ΔNlmn,s
Vlmn /kB T )
s

∀ (lmn)

(2.58)

This system of equations can be solved numerically to obtain the Vlmn .

2.4.3 The Krivoglaz-Clapp-Moss high-temperature
approximation
Another approach to determine the EPI parameters is the high-temperature approximation according to Krivoglaz, Clapp, and Moss (KCM) [48, 67–70]. It is a
mean-ﬁeld approach that yields an analytical relation between short-range order
scattering in 
Laue units, ISRO (q), and the Fourier transform of the EPI parameters Ṽ (q) = lmn Vlmn exp(iq · rlmn );
ISRO (q) =

D
,
1 + 2cA cB Ṽ (q)/kB T

(2.59)

in which D is a normalization factor. Within the mean-ﬁeld theory the direct
correlation between any origin o and site i is replaced by a correlation between
site i and all its neighbors at sites j, and a direct interaction between j and o.
Thus, the Fourier transform of Eq. (2.59) reads
αoi =

2

−2cA cB 1 
Voj αji .
kB T D j

(2.60)

I.e. the state is still consistent with the set of short-range order parameters.
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Diﬀerent values for the normalization factor D were used; either α000 = 1 or
V000 = 0 is violated. Later on, Masanskii et al. [71] showed a possibility to satisfy
both equations. They used the γ-expansion method (GEM) which assumes an
exponential decrease of the pair correlation function with distance. Then, the
KCM
EPI parameters from the KCM method, Vlmn
, for lmn = 000, are corrected as
1
GEM
KCM
= Vlmn
+ kB T Σlmn ,
Vlmn
2

(2.61)

where Σlmn=000 is the oﬀ-diagonal part of the self-energy given as a series expansion in powers of the parameter γ = exp(−1/ξ) (ξ = correlation length). For the
three nearest shells, i = 1, 2, 3, one obtains
Σ1 = C1 α12 + C2 α13
2
Σ2,3 = C1 α2,3
.

(2.62)

The αi are the Warren-Cowley short-range order parameters of the ﬁrst three
shells, and C1 and C2 are constants depending on composition;
(cA − cB )2
2(cA cB )2
(1 − 6cA cB )2 − 3(cA − cB )4
=
.
6(cA cB )3

C1 =
C2

26

(2.63)

3 Sample preparation and
characterization
As starting materials for all samples 99.95 at.% pure Ni (Praxair MRC, Toulouse,
France) and 99.98 at.% pure Pt (Johnson Matthey, London, United Kingdom)
were used. Platinum was delivered as a sponge; it was melted into solid spheres
and cleaned with isopropyl alcohol prior to application. Nickel was cleaned by
etching in nitric acid (HNO3 ). All ingots for crystal growth were produced by
arc-melting, and were subsequently remelted in an induction furnace for homogenization. Both melting processes were performed under an argon atmosphere of
300 mbar (Ar 6.0).

3.1 Single crystal growth
3.1.1 Pt-rich Ni-Pt
According to the phase diagram as given by Massalski (Fig. 1.1), Ni-87.5 at.% Pt
is liquid above ∼1640◦ C. To avoid contamination with crucible material at this
elevated temperature, the single crystals with Ni-87.5 and 75 at.% Pt were grown
by electron beam zone melting. This method avoids the use of crucibles but has to
be performed under high vacuum condition (10−6 to 10−5 mbar). Because of the
high vapor pressure of Ni of about 6×10−2 mbar [72] at 1800◦ C, the evaporation
of Ni during the growth process has to be accounted for in the initial weight.
Therefore, and also considering the partition coeﬃcient of the liquid-solid twophase region, starting fractions of 15 and 28 at.% Ni were chosen to yield Ni-87.5
at.% Pt and Ni-75 at.% Pt, respectively. Applying a speed of 0.5 mm/min to
1 mm/min for the molten zone, crystals consisting of two to three large grains
were obtained.

3.1.2 Ni-rich Ni-Pt
With 1420◦ C, Ni-25 at.% Pt has a lower melting temperature than Ni-87.5 at.%
Pt. Therefore, the Ni-25 at.% Pt single crystal was produced using the Bridgman
technique, where the starting material is melted by induction heating within an
aluminium oxide (Al2 O3 ) crucible. At the bottom, a small opening in the crucible
connects to a rod made from the same material as the crystal to be grown, with
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a diameter of 3 mm and a length of 35 mm. At its end, a temperature gradient
can be applied during the process to stabilize crystal growth. Since the liquidussolidus line has a minimum at about this composition, and the Bridgman process
is performed under an argon atmosphere of 100 mbar, the starting concentration
here was chosen to be 75 at.% Ni. Applying a speed of 1.5 mm/h with which the
crucible was moved out of the heating coil, a single crystal, 12 mm in diameter
and 5 cm in length, could be grown. Slices for further investigations were then
cut by spark erosion. The mosaicity (full width at half maximum, FWHM, of the
Bragg reﬂections) varied between 0.2◦ and 0.5◦ over the cylinder length.

3.2 Determination of concentration
The composition of the samples was determined by x-ray ﬂuorescence analysis [73], using a TX5000 (Spectrace Instruments Inc., Sunnyvale, USA). It has a
Rh-Kα anode (λ = 0.61 Å) and a Li-doped Si detector, and was operated at 30 kV
and 0.25 mA. For a quantitative determination of concentrations, polycrystalline
standards were produced by arc-melting and remelting in an induction furnace.
They were weighed in to Ni-(22 and 28) at.% Pt, and Ni-(85 and 91) at.% Pt, respectively. By a linear ﬁtting of intensities under the Ni Kα (∼7.5 keV) and Pt-L
(∼9.6 keV) ﬂuorescence lines of the standards and the sample, the compositions
were determined. Spectra were taken from several spots on the samples (focus of
the beam at the sample is ∼1 mm2 ), and from diﬀerent directions, to exclude any
Bragg reﬂection or Debye-Scherrer ring at the corresponding energies. The compositions of all samples investigated are summarized in Table 3.1, together with
lattice parameters at 22◦ C (room temperature) as interpolated with the values
from [74].

3.3 Determination of elastic constants
For the calculation of TDS and the Debye-Waller factor, the values of the elastic
constants cij are required [6]. For cubic symmetry, there are only three independent elastic constants, namely c11 , c12 , and c44 . Those of Ni-Pt were measured for the two compositions given in Table 3.1, using the “pulse-echo-overlap”
method [75]. Employing a single crystal with a 110 orientation, ultrasonic waves
are excited along the three high-symmetry directions [110], [11̄0], and [001]; depending on the choice of the sender/receiver, these are the longitudinal (L) direction or transversal (T1 , T2 ) directions. From the three corresponding velocities
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Table 3.1: Ni-Pt samples investigated in this work, together with the corresponding lattice parameter a at room temperature.
sample [at.% Pt ]

a [Å]

for measurements of

87.8(3)

3.885

bulk diﬀraction (Sect. 5.1)

75.2(3)

3.844

NiPt3 phase (Sect. 5.2)

92.4(3)

3.899

elastic constants (Sect. 3.2)

83.6(3)

3.873

electrical resistivity (Sect. 3.4)

23.2(3)

3.653

GID on (110) surface (Sect. 5.3)

25.6(3)

3.643

bulk diﬀraction and GID on
(111) surface (Sect. 5.4 and 6)

24.8(3)

3.651

elastic constants (Sect. 3.2)

vL , vT1 , and vT2 the three elastic constants are determined by the relations
1
(c11 + c12 + 2c44 ),
2
1
(c11 − c12 ),
=
2
= c44 .

ρvL2 =
ρvT2 1
ρvT2 2

(3.1)

Here, ρ is the average density of the corresponding alloy given by
ρ =

cNi MNi + cPt MPt N0
· 3,
L
a

(3.2)

with cμ,ν and Mμ,ν being the atomic fractions and atomic weights of Ni and Pt,
respectively, Loschmidt number L, the number of atoms in the unit cell N0 (= 4
in f.c.c.), and a the lattice parameter as given in Table 3.1.
The cij are given in Table 3.2 together with those obtained by linear interpoPt
lation, cNi−Pt
= cNi cNi
ij + cPt cij , with the elastic constants of pure Ni and Pt as
ij
provided by [76,77]. A close agreement within one standard deviation is observed.
The elastic constants were then linear extrapolated for the sample with Ni87.8 at.% Pt using the values of pure Pt [77] to yield c11 = 331(2) GPa, c12 =
230(4) GPa, and c44 = 92(1) GPa. The cij as determined by the measurement on
the Ni-24.8 at.% Pt sample were extrapolated to a temperature of 923 K using
the temperature dependence of the elastic constants of pure Ni, taken from [78].
Then, an estimate for Ni-23.2 at.% Pt at the given temperature yields c11 =
231(2) GPa, c12 = 173(2) GPa, and c44 = 103(1) GPa.
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Table 3.2: Elastic constants of Ni-Pt at room temperature; as determined by
the pulse-echo-overlap method, and interpolated with the values of pure Ni and
Pt from literature [76, 77].
sample
Ni-92.4(3) at.% Pt

Ni-24.8(3) at.% Pt

cij [GPa]
measured

extrapolated

c11

337(2)

340(3)

c12

238(4)

243(3)

c44

86(1)

80(7)

c11

273(2)

274(5)

c12

181(2)

177(5)

c44

108(1)

112(3)

3.4 Ordering kinetics
In order to determine eﬀective pair interaction parameters from a measured set
of short-range order parameters, the atomic conﬁguration has to correspond to
a state of thermodynamic equilibrium. Often it is not possible to apply the
temperature during the measurement. Then, the sample has to be quenched to
room temperature after the heat treatment. The aging temperature has to be
chosen so that the ordering kinetics is suﬃciently fast to reach an equilibrium
state in decent times, but slow enough for the equilibrium state to be quenched
in. To ﬁnd out about the temperature range for which this situation is fulﬁlled in
the case of Ni-87.8 at.% Pt, electrical resistivity measurements were performed
on three poly-crystalline samples with similar compositions, 14×0.5×0.5 mm in
dimension, and after holding times of 24 h. The resistivity data were obtained by
measuring the voltage required for a given current (four Pt-connections on the
sample) at -196◦ C (in a liquid nitrogen bath). Data were taken for a cooling and
a heating run. They are given in Fig. 3.1 as averages over the values of the three
samples. The two runs show a good agreement, and a linear behavior between
about 300◦ C and 500◦ C is seen.
At the highest temperatures kinetics is too fast for the state to be frozen in by
quenching, and at the lowest two temperatures the atom mobility is too sluggish
to reach the corresponding equilibrium state in 24 h. In the linear range, these
extremes are absent. To establish the highest possible degree of short-range order,
330◦ C was chosen as aging temperature for the Ni-87.8 at.% Pt sample.
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Figure 3.1: Isochronal annealing program for Ni-87.8 at.% Pt (with aging times
of 24 h). Data were taken for a cooling and a heating run, as averages and with
standard deviations referring to the three samples investigated.

For the bulk measurement on Ni-25.6 at.% Pt, an aging temperature of 650◦ C
was chosen. Here, the relaxation time to establish thermodynamic equilibrium
is 9 min, as given in Ref. [5] determined by electric resistivity measurements.
This is suﬃciently long for the equilibrium state to be frozen in by quenching the
sample into ice brine.

3.5 Sample preparation
3.5.1 Surface diﬀraction
From the single-crystalline cylinder, slices with 11.5 mm diameter, 3.5 mm thickness, and a [110] and [111] surface orientation, respectively, were cut by spark
erosion. Prior to cutting, the orientations were adjusted by means of a Laue
camera (Philips PW1729 x-ray generator with Cu anode) with an accuracy of
±0.5◦ . Subsequently, the slices were mounted onto a goniometer head and the
surface orientation was ﬁne-tuned on a four-circle diﬀractometer (see Sect. 4.1.1,
penetration depth of Mo Kα radiation in Ni-25 at.% Pt is d = (2μ)−1 ≈ 5 μm,
with μ= linear absorption coeﬃcient for Mo Kα radiation) within ±0.03◦ . The
samples were homogenized under argon atmosphere (Ar 5.0) at 1373 K for 69 h
and quenched into ice brine.
For a grazing incidence diﬀraction measurement it is crucial to have the whole
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Figure 3.2: Logitech PM5 lapping system for high-accuracy surface preparation;
I) screw for load adjustment, II) sample holder “jig”, III) plate ﬂatness monitor,
IV) cylinder containing the lapping suspension, V) goniometer head, VI) lapping
plate.

sample surface as ﬂat as possible, and to keep the deviation of the surface normal
from the desired orientation below the glancing angle of the experiment. These
conditions were met by applying high-accuracy surface treatments on a Logitech
PM5 lapping/polishing system, as provided by the ETH Zurich cleanroom center
FIRST (Fig. 3.2). For that, the oriented sample was mounted onto the sample
holder “jig” (PP5, Logitech, with a special construction for the mounting of a
Huber 1003 goniometer head), while still being ﬁxed on the goniometer head.
The inner part of the jig is movable in vertical direction with the possibility of
adjusting the load pressure on the sample.
The jig with the sample was then put onto the lapping plate as shown in
Fig. 3.2. First, the sample was lapped until it was ﬂat, using a lapping suspension
including distilled water (DI water), ethylene glycol, and aluminium oxide (Al2 O3 )
powder, in a ratio of 3:2:1. The ethylene glycol is added to increase the viscosity
of the suspension and, in doing so, to minimize the damaging of the crystal during
the process. The ﬂatness of the plate is continuously monitored to be below 1 μm
over a range of 10 cm.
Subsequently, the surface was polished in three steps, with a ﬁnal grain size of
40 nm. The lapping and polishing parameters are summarized in Table 3.3. The
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Table 3.3: Lapping/polishing parameters for the high-accuracy surface treatment.
step
lapping

grain

grain

size

material

3 μm

Al2 O3

lubrication
DI water,

plate

load

time

material

[g]

[h]

glass

∼300 until

ethylene glycol
polishing

3 μm

diamond

“Blue”

ﬂat
velvet

∼600

1

∼400

1

1 μm

diamond

“Blue”

velvet

∼400

1

0.04 μm

SiO2

DI water

silk

∼400

0.5

diamond particles in the polishing step were mono-crystalline, with the lubricant
“Blue” being fabricated and delivered by Logitech.
After the mechanical preparation, the sample was mounted in a portable UHV
chamber which was prepared to keep the sample at p = 1 × 10−11 mbar (at room
temperature). This special chamber was constructed by Ch. Steiner [42] to ﬁt
onto the (2+3)-circle diﬀractometer, described in Sect. 4.2, and allows for heating
the sample up to 1000◦ C, and in-situ sputtering of the sample surface with Ar+
ions (Ar 6.0).
The sample was ﬁrst sputtered at an Ar pressure of ∼ 1 × 10−5 mbar (“hard”
sputtering) at 400◦ C for 10 min and then kept at 630◦ C for one hour of annealing. Subsequently, several sputtering and heating cycles were applied with an Ar
pressure of ∼ 1 × 10−7 mbar (“soft” sputtering), and a ﬁnal annealing “ﬂash” to
800◦ C. In all sputtering processes, the Ar+ ions had an energy of 0.8 keV. The
high annealing temperatures were also chosen to reduce the preferential sputtering of Ni atoms via thermal equilibration by diﬀusion [79]. The ﬁnal annealing
step at 630◦ C was extended until the start of the measurement.
With this treatment, a mosaicity of the crystal in the surface region (FWHM
of the grazing incidence Bragg reﬂections) of <0.1◦ was obtained for the [110]oriented sample. This surface quality could not be achieved for the [111]-oriented
sample, with a mosaicity in the surface region of ∼1◦ . Firstly, this is due to a lower
quality of the Ni-25.6 at.% Pt single crystal and, secondly, to a higher sensitivity
to lattice distortions of the [111] orientation during mechanical surface treatment
since the (111) planes are the slip planes in f.c.c. crystals. But then, no other
treatment than a purely mechanical shall be applied since any chemical or electro-
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chemical treatments might be species-selective and might therefore inﬂuence the
atomic order in the surface region.

3.5.2 Bulk diﬀraction
The Ni-87.8 at.% Pt single-crystalline slice was cut by spark erosion from one of
the larger grains as produced by the zone-melting growth experiment described
in Sect. 3.1.1. It was 11 mm in diameter and 3 mm thick. The surface normal
was near to [932]; an orientation close to [421] preferred for a bulk diﬀraction
measurement on a four-circle diﬀractometer because, then, positions on the highsymmetry directions h00, hh0, and hhh can be set up with a not-too-large
sample tilting (up to 35◦ in the present case).
For surface preparation, the lapping/polishing system as described in Sect. 3.5.1
was also chosen, with essentially the same parameters for the treatment as given
in Table 3.3, but including polishing steps only down to 1 μm in grain size. Although the surface ﬂatness and orientation conservation are not crucial, a higher
reproducibility of surface preparation was assured by this application. To preserve an optimum of single crystallinity - which is not achievable with mechanical
polishing - the following procedure was ﬁnally chosen: the sample with the polished surface was ﬁrst homogenized under Ar atmosphere at 1373 K for 72 h to
heal out defects, then furnace cooled to 603 K and aged for 165 h, and ﬁnally
cooled to room temperature in a stream of He gas. Subsequently, no further
surface treatment was applied. This resulted in a mosaicity of <0.4◦ FWHM and
no indications of reﬂections on positions of Debye-Scherrer rings.
The Ni-25.6 at.% Pt sample for the bulk measurement was homogenized at
1373 K for 62 h and aged at 650◦ C for 72 h before being quenched into ice
brine. Here, no indications of reﬂections on positions of Debye-Scherrer rings
were observed after surface polishing.

34

4 Experimental details
4.1 Bulk diﬀraction measurements
4.1.1 Experimental setup and measurement details
For the bulk diﬀraction experiments a four-circle diﬀractometer by Huber Diﬀraktionstechnik (Rimsting am Chiemsee, Germany) was used. The diﬀractometer
has four adjustable angles; the “physical” angle 2θ (given by Bragg’s law) and the
three angles ω, χ, and φ to bring the scattering vector in bisecting mode in the
horizontal scattering plane. The stepper motors for the angle movements allow
the angles to be stepped by 0.01◦ .
The x-ray source is a Rotaﬂex RU-200BH x-ray generator by Rigaku (Tokyo,
Japan), employing a molybdenum rotating anode. The Mo Kα radiation (λ =
0.71069 Å) is selected by a double-bent pyrolytic graphite monochromator. The
incoming radiation is monitored by a NaI scintillation counter, whereas the
diﬀracted radiation is recorded by a Ge solid state detector (EG&G ORTEC,
Gaithersburg, USA) with an energy resolution of ∼200 eV at an incoming beam
energy of 5.9 keV, and ∼500 eV at 122 keV (Mo Kα radiation has an energy of
17.44 keV). The beam divergence of the scattered radiation is given by a scatter
slit and a Soller slit, and the resolution is deﬁned by the receiving slit.
During the measurements of diﬀuse scattering from Ni-87.8 at.% Pt and Ni25.6 at.% Pt, the samples were covered by a beryllium dome and kept under
vacuum condition (p ∼ 10−5 mbar) to reduce air scattering. The x-ray generator
was operated at 50 kV and 180 mA. Additional details are found in [80] and [90].
For both measurements, about 10500 positions h1 h2 h3 were measured comprising ∼150 sets with typically 70 symmetry-equivalent positions. In the case
of the measurement on Ni-87.8 at.% Pt, these ∼150 sets are located on a grid of
0.1 r.l.u., with h1 < h2 < h3 (i.e. within the minimum repeat volume of shortrange order for cubic symmetry). For the measurement on Ni-25.6 at.% Pt, the
measured symmetry-equivalent positions were not located in a contiguous range,
but optimized for small sample tilts. The scattering vector range was 1.5-5 r.l.u.,
and characteristic intensities were 2000 to 6000 counts per four minutes for both
measurements.
The long-range order parameter η, as deﬁned in Sect. 2.1.2, was determined
by measuring the integrated intensities of the superstructure reﬂection of the
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underlying long-range ordered state,
ISint = K(LP )S |FhS1 h2 h3 |2 e−2MS ,

(4.1)

and of the associated fundamental (Bragg) peak,
IFint = K  (LP )F |FhF1 h2 h3 |2 e−2MF ,

(4.2)

in which K and K  are constants after the corrections concerning all angle dependencies, including the Lorentz-polarization factors (LP )S and (LP )F (see
Sect. 4.1.2). With
K = K ,
(4.3)
one obtains

(LP )S |FhS1 h2 h3 |2 e−2MS
ISint
=
.
IFint
(LP )F |FhF1 h2 h3 |2 e−2MF

(4.4)

In case of L12 long-range order, the structure factor of the f.c.c. unit cell


Fh1 h2 h3 = f 1 + eiπ(h1 +h2 ) + eiπ(h1 +h3 ) + eiπ(h2 +h3 )
(4.5)
can be divided into a sum of contributions from the four simple cubic sublattices [6]. Since in case of NiPt3 the Ni atom is located at (l, m, n) = (0, 0, 0) and
the Pt atoms at (1, 1, 0), (1, 0, 1), and (0, 1, 1), respectively, this yields
Fh1 h2 h3 = (rα fNi + wα fPt )


+(rβ fPt + wβ fNi ) eiπ(h1 +h2 ) + eiπ(h1 +h3 ) + eiπ(h2 +h3 ) .

(4.6)

Then, the structure factor of the fundamental reﬂection is (h1 , h2 , h3 all even or
all odd)
FhF1 h2 h3 = (rα fNi + wα fPt ) + 3(rβ fPt + wβ fNi )
= 4(cPt fPt + cNi fNi ),

(4.7)

and that of the superstructure reﬂection (h1 , h2 , h3 mixed)
FhS1 h2 h3 = (rα fNi + wα fPt ) − (rβ fPt + wβ fNi )
= η(fNi − fPt ).

(4.8)

Inserted into Eq. 4.4, this yields
ISint
η 2 (LP )S |fNi − fPt |2 e−2MS
=
,
IFint
16(LP )F |cPt fPt + cNi fNi |2 e−2MF
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and it follows
4|cPt fPt + cNi fNi |e−MF
η=
|fNi − fPt |e−MS



ISint (LP )F
.
IFint (LP )S

(4.10)

All atomic scattering factors and Hönl corrections used in this work were taken
from Ref [88] and [89].

4.1.2 Data correction
To account for surface roughness and the incoming x-ray beam partially passing
the sample for small scattering angles, an intensity reduction factor has to be determined. This introduces a dependency on 2θ and χ for the amount of scattering
the detector receives. This can be measured by employing the Ni K ﬂuorescence
lines, as shown in Fig. 4.1.

Figure 4.1: Intensities as a function of the scattering angle 2θ and the sample
tilt χ (χ = 270◦ corresponds to no tilt with respect to the x-ray line focus at the
sample). The Ni K ﬂuorescence lines were employed.
Background was separately measured and subtracted. It amounted to less than
1% of the scattered intensities in the range investigated.
The integrated intensities, IFint and ISint , have to be corrected for any angle
dependencies before Eq. (4.3) holds. Besides the above introduced combined
correction for surface roughness and the incoming beam partially passing the
sample, the Lorentz-polarization factor (LP )i , i = S, F , was introduced which is
given by [6]
p
.
(4.11)
(LP )i =
sin 2θ
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Here, p is the polarization factor given by the monochromator;
p=

1 + kpol cos2 2θ
,
1 + kpol

(4.12)

with kpol being a ﬁtted parameter [6]. Its value is p = 0.978 in the present case.

4.1.3 Calibration
In order to evaluate the data as described in Sect. 2.2, the intensities have to
be given in electron units (eu). The relation between the scattered intensity per
atom in electron units, Ieu /N , and the measured intensity, Iexp , is
Iexp e−2M
Ieu
=
,
N
EU F ACT · p

(4.13)

with the polarization factor,p, as deﬁned in Eq. 4.12.
The conversion factor in Eq. (4.13) is given by
EU F ACT =

re2
I0 A0 S0
,
R2 2M μ/ρ

(4.14)

with I0 A0 being the power of the incident beam, S0 the area of the receiving slit,
R the distance between receiving slit and sample, re the Thomson radius, M the
average atomic weight, and μ/ρ the average mass absorption coeﬃcient of the
alloy. For the calibration, EU F ACT is determined by a separate measurement
using polystyrene (C8 H8 ) [82]. The scattering from this sample is measured in
transmission and in reﬂection mode, with the average taken for calibration. For
that, the transmitted intensity is ﬁrst corrected for absorption, and the reﬂected
intensity for absorption and the fact that the (C8 H8 ) slab is not an inﬁnitely
thick sample, i.e. for the intensity that passes the sample. This yields the two
correction factors
cos θ
μps dps
trans
)
(4.15)
=
exp(
Kabs
2μps dps
cos θ
and



reﬂ
Kabs

−2μps dps
)
= 1 − exp(
sin θ

−1
,

(4.16)

with μps and dps being the linear absorption coeﬃcient and the thickness of the
polystyrene slab, respectively. The conversion factor then reads
trans,reﬂ
ps
Kabs
M
1 Iexp
eu
EU F ACT =
· (124.2 2 −1 )−1 ,
Mps μ/ρ
pps
cm g

(4.17)

trans,reﬂ
are the factors deﬁned in Eq. (4.15) and (4.16), pps the polarwhere Kabs
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ization factor, Mps the molecular weight of polystyrene, and 124.2 eu is the
absorption-corrected scattering power of C8 H8 .
The calibration measurement was performed before and after the diﬀuse scattering experiment; both measurements coincided within < 1%. A calibration in
case of the measurement for the determination of the long-range order parameter
is not necessary, since it cancels out via Eq. (4.9).

4.2 Surface diﬀraction measurements
4.2.1 Experimental setup and measurement details
The grazing incidence diﬀraction measurements were performed at the Surface
Diﬀraction station of the Materials Science (MS) Beamline X04SA at the Swiss
Light Source (SLS), Paul Scherrer Institute (Villigen, Switzerland). There, a
(2+3)-circle diﬀractometer by Micro-Controle Newport (Evry Cedex, France) is
employed, with a design as suggested by E. Vlieg [83]. A schematic representation
is given in Fig. 4.2.
The diﬀractometer allows either a horizontal or a vertical setup to be chosen
(in Fig. 4.2 the vertical geometry is shown). For the measurements as performed
in this work, the horizontal setup was used, since it is better suited for the
application of the UHV chamber because of its weight. The latter was mounted
onto the hexapod by which the sample was adjusted in the beam. The angles
and linear movements as given in Fig. 4.2 are summarized in Table 4.1.
The diﬀractometer is equipped with a 2D pixel detector, “PILATUS II” [84],
which is a strip consisting of 487 × 195 pixels, each being 172 μm × 172 μm
in size. Essentially, no electronic background noise is present. A lower energy
threshold (“trimﬁle”) may be set to suppress the counting of photons with an energy below the threshold. With this detector, the scattered intensity into a sphere
surface element of 4.205◦ × 1.604◦ (the distance detector-sample was 114 cm) is
recorded simultaneously and, therefore, a two-dimensional mapping of reciprocal space is performed for every detector position. This makes it possible to
read out additional positions, and also to perform alignment corrections after the
measurement (see tilt correction below).
The MS beamline employs a wiggler insertion device [61] with which x rays may
be used with an energy in a range of 5-40 keV. A ﬂux at 10 keV of > 1 × 1012 photons/s per 0.1% energy bandwidth and 0.6 mrad2 is delivered into a focused spot
size of nominally (200 × 500) μm2 [85].
For the measurement on Ni-23.2 at.% Pt(110) a photon energy of 9800 eV was
chosen to keep the critical angle of total reﬂection small (αc = 0.39◦ ), and to avoid
the excitation of the Pt L lines. A trimﬁle of 8600 eV was applied to suppress the
Ni K and Ni L, and the Pt M lines. The glancing angle was set to 0.3◦ . Intensity
was registered at about 650 in-plane positions, and 250 out-of-plane positions
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Figure 4.2: The (2+3)-circle diﬀractometer at the Surface Diﬀraction endstation
of the Materials Science Beamline at the SLS (Paul Scherrer Institute).

located on planes shifted along the surface normal by 0.45 r.l.u. and 1 r.l.u.,
respectively. Exploiting the vertical opening angle of the pixel detector, about
900 additional out-of-plane positions were obtained, shifted from the reference
positions by at most (−0.07, 0.07, 0) r.l.u. Typical intensities were 500 to 5000
counts per 200 s.
For the measurement on Ni-25.6 at.% Pt(111), the photon energy was 9500 eV
(αc = 0.41◦ ), with the glancing angle set to 0.35◦ . The exact trimﬁle setting in
this case is unknown (see Appendix). The number of measured in-plane positions
was about 500, as well as about 500 out-of-plane positions. Here, the latter are
located in planes shifted by ( 13 , 13 , 13 ), ( 12 , 12 , 12 ), and ( 23 , 23 , 23 ) r.l.u., respectively.
The pixel detector provided another ∼1000 positions, shifted from the reference
positions by at most (0.05, 0.05, 0.05) r.l.u.

4.2.2 Data correction
For data correction, the availability of the 2D pixel detector can be exploited in
an elegant way. Since it does not only register intensities at the position deﬁned
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Table 4.1: The angles and linear movements of the (2+3)-circle diﬀractometer,
and their functions in case of a horizontal diﬀraction geometry.
motor
ωh
φ, γ
δ

function
angle of incidence
scattering angles θ and 2θ
deﬁnes the scattering vector component along
the surface normal, and discriminates between
in-plane and out-of-plane scattering by
δ < 2ωh : in-plane
δ > 2ωh : out-of-plane

ν
α, ωv , Xv
θv , Y1,2,3 , T RX

azimuthal detector rotation
relevant motors for vertical setup; not used
diﬀractometer alignment relative to beam

by the diﬀractometer angles like it would be in the case of a point detector,
but also in a neighboring area on the Ewald sphere, the position of the “point
detector” can still be changed slightly afterwards. Here, the “point detector” is
deﬁned by setting a box, the region of interest (ROI), that includes the intensities
I = I(x, y) of the pixels with coordinates (x, y) within the deﬁned range (Δx, Δy).
The maximum number of pixels provided by the detector is 487 × 195 pixels.
The ROI was set to include (Δx, Δy) = (10, 16) pixels, which is small enough
to represent a point detector, but large enough to provide suﬃcient counting
statistics. The reference position is given by the direct beam at δ = γ = 0.
In this work, the pixel strip was aligned in such a way that the x axis (the long
axis) is vertical, and the y axis (the short axis) is horizontal. An example for
the recorded intensity at an in-plane position is given in Fig. 4.3. The trimﬁle
for the recording of this image was set to 7000 eV to include the strong Ni K
ﬂuorescence lines. In the following, any change of the position of the ROI box is
considered exclusively in terms of the x coordinate. Since y corresponds to the
angle γ, i.e. the in-plane component of the scattering angle, even the full width
of the detector of 195 pixels, which corresponds to an angle of 1.7◦ , would change
the positions in reciprocal space by at most 0.08 r.l.u. for the given beam energy
and lattice parameter. Therefore, any change in y direction is neglected.
In Fig. 4.4, the experimentally obtained transmission coeﬃcient T (α), as theoretically introduced in Sect. 2.3, is given, but in terms of the x coordinate of
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Figure 4.3: Part of an image taken with the 2D pixel detector; the intensity
increases from blue to red. The maximum intensities at pixel positions xc correspond to the critical angle of total reﬂection. The box marks the region of interest
for intensity read-out during the measurement, containing (Δx, Δy) = (10, 16)
pixels.

the detector. The curve is determined by reading out the intensities along the x
direction at in-plane positions (as shown in Fig. 4.3), and dividing them by those
at the same x coordinates at out-of-plane positions [i.e. normalizing the intensity
on I(α
αc )]. This yields the intensity in terms of the transmission coeﬃcient
T (x), which also accounts for detector inhomogeneities.
The intensity increases up to a maximum of the transmitted intensity of about
1.5 at the critical angle of total reﬂection, and decreases again to the transmittivity of 1 of bulk scattering. As compared to the calculated curves in Fig. 2.1,
the low maximum of 1.5 can not be explained by absorption alone, since this
would correspond to an absorption parameter b of at least 0.2, while Ni-25 at.%
Pt (linear absorption coeﬃcient ∼1027 cm−1 ) at 9.8 keV gives an absorption parameter of b = 0.02. Therefore, surface roughness might be the main reason for
the low transmitted intensities [86], in addition to an inﬂuence by a ﬁnite beam
divergence. The curve provides a means to experimentally scale the transmitted
intensities among in-plane and out-of-plane measurements.
An error in the read-out process might occur by a deviation of the surface
normal from the desired direction. Since the orientation of the sample can only
be prepared with an accuracy of ±0.03◦ , the x coordinates on the detector and,
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Figure 4.4: Transmission coeﬃcient of the evanescent wave in dependence of
the pixel position x on the detector, as obtained from Ni-23.2 at.%(110) Pt via
the inclusion of the Ni K ﬂuorescence lines.

therefore, the position of the ROI box on the T (x) curve are aﬀected by an
inaccuracy of up to 4 pixels (with an opening angle of a pixel of 0.0086◦ at a
distance of 114 cm). This might be crucial for the read-out positions of in-plane
data because the box is positioned at the rising side of the T (x) curve.
In order to correct for that, any deviation of the surface normal from the desired
orientation, due to the inaccuracy in preparation, is traced back onto the x axis
of the detector. This yields a correction
Δxt = {2 arctan[tan ωt cos(φ + φ0 )]
+ arctan[tan ωt sin(γ − φ − φ0 )]}/0.0086◦ ,

(4.18)

by which every read-out position was corrected depending on the scattering angles
φ (azimuthal sample rotation) and γ (detector position). The angles φ0 and ωt
deﬁne the misalignment of the surface normal; ωt is the tilt angle, φ0 the angle
which deﬁnes the tilt direction in terms of the azimuthal sample rotation. Both
values are obtained by comparing the position of the critical angle on the detector
where it would be expected for the given sample and beam energy, with its actual
as-measured position. This resulted in a surface normal misalignment of the Ni23.2 at.% Pt(110) of ωt = 0.025◦ , and ωt = 0.015◦ in case of the Ni-25.6 at.%
Pt(111) [consistent with the information from the bulk orientation matrix], which
in both cases was accounted for by moving the box for each intensity read-out to
the corresponding position corrected by Eq. (4.18).
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Also, corrections were performed concerning beam polarization and change of
the illuminated area as seen by the detector with changing scattering angle [42,87];
the latter introduces a correction factor [compare with Eq. (4.11)]
kA =

cos αout
,
sin γ

(4.19)

with the eﬀective angle of exit, αout , according to Vlieg et al. [83],
αout = arcsin[cos ωh sin δ − sin ωh cos δ cos γ].

(4.20)

Assuming an incoming beam being fully horizontally polarized, one obtains
kpol = 1 − (sin γ cos δ)2 .

(4.21)

4.2.3 Calibration
In the evaluation process of grazing incidence diﬀraction data, TDS was used to
transform intensities into absolute units - a separate calibration measurement can
not be performed. First-order TDS was calculated and compared to the corrected
measured intensities around the Bragg positions. Since the values for Mdyn and
Mstat in Eqs. (2.17) and (2.22) are bulk values and might diﬀer from those present
in the near-surface regime, the B value in the exponent of the total Debye-Waller
factor,
Mtot = B(sin θ/λ)2 ,
(4.22)
is used as a free input parameter in the evaluation process; it was chosen so that
the ﬁtting of elastic diﬀuse scattering gave α000 = 1.
The intensity in electron units is then given by
Ieu =

 
hB

h
|h−hB |<

Iexp (h)
,
ITDS (h) + IH (h)

(4.23)

with hB being the Bragg position. Huang scattering IH was introduced because
Ni-Pt is a strongly distorted system (with a lattice parameter change with composition of a−1 da/dc = 0.12 on the Ni-rich side) and Huang scattering will add a
signiﬁcant contribution close to the Bragg positions. To estimate its magnitude, a
separate measurement on the home-lab four-circle diﬀractometer was performed,
using a sample slice with the same composition and the same heat treatment.
These data were calibrated as described in Sect. 4.1.3, and the intensities were
compared to the calculated TDS yielding a ratio of 2.5 at room temperature (with
B = 0.49 × 10−2 nm2 ). This outcome shows that at room temperature Huang
scattering amounts to 1.5 times TDS. With increasing temperature, the contribution from TDS increases, and the ratio decreases from 2.5 to 1.6 at 923 K,
employing the temperature dependence of the elastic constants [78].
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5.1 Local atomic arrangements in bulk
Ni-87.8 at.% Pt
The calibrated and corrected as-measured data, consisting of elastic and inelastic
diﬀuse x-ray scattering as taken from bulk Ni-87.8(3) at.% Pt, are shown in
Fig. 5.1; intensities in L.u. are presented in the (0 0 1) plane. The hatched areas
around the Bragg positions were not included in the evaluation because shortrange order scattering there represents only a very small contribution and may
not be determined with high precision. The strong increase in intensity towards
the Bragg positions stems from ﬁrst-order thermal diﬀuse scattering and Huang
scattering. Short-range order and linear displacement scattering are recognized
through diﬀuse maxima at 1 3 0 and its symmetry-equivalent positions (i.e. 1 0 0type of positions), and their shifts therefrom, respectively.
After subtraction of the inelastic scattering contributions of Compton and thermal diﬀuse scattering, the remaining elastic scattering from short-range order and
static atomic displacements were separated using the Georgopoulos-Cohen (GC)
and the Borie-Sparks (BS) separation techniques (see Sect. 2.2.5).
With the GC method, the typical 70 positions of any set of symmetry-equivalent
positions could be separated into the values of the 25 Fourier series (at most),
with a quality of ﬁtting1 of R < 4%, using λ = 2 in the weighting factor of the
ridge regression method. With the BS method (λ = 4), a value of R < 4% was
also obtained. However, with the BS method a much lower quality in separation
(R > 40%) occurred for about 60 sets of symmetry-equivalent positions, all belonging to the hhl type. In Sect. 5.1.1 where short-range order scattering will
be presented, this can be recognized in Fig. 5.3 in the roughness of the separated short-range order scattering along 110. The BS method diﬀers from the
GC approach by the assumption that the variation of all scattering-factor ratios
with the scattering vector are the same [Eq. (2.21)], i.e. η/ξ ≈ const. The reduced number of ﬁtting parameters in the case of the BS approach might not
be taken as responsible for this separation eﬀect, since it is not observed along
other high-symmetry directions. It might be due to the increased lattice parameter change with composition, a−1 da/dc = −0.078 for Pt-rich Ni-Pt, while this
behavior was not observed in comparable systems like, e.g., Ni-rich Ni-Al with
a−1 da/dc = −0.054 [90]. In addition, the assumption of η/ξ ≈ const. is not ful1

R value as deﬁned in Eq. (2.39) containing the separated Fourier series in this case.
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Figure 5.1: Elastic and inelastic diﬀuse x-ray scattering from bulk Ni-87.8
at.% Pt in the (h1 h2 0) plane; values for the iso-intensity lines are given in
103 counts. The hatched areas mark the regions around the Bragg positions
not considered in the evaluation.

Figure 5.2: Ratio η/ξ of the scattering-factor ratios within the range of scattering vectors for the diﬀuse scattering experiment on Ni-87.8 at.% Pt.
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ﬁlled in the case of Ni-Pt, as can be seen in Fig. 5.2; η/ξ varies by 26% within the
considered range of scattering vectors. On the other hand, a variation in η/ξ is
required by the GC method for the separation of the species-dependent terms in
Eq. (2.29). So, in the following, no conclusion solely based on the BS evaluation
may be drawn. But for means of comparison, its results will be presented.

5.1.1 Local order
The separated short-range order scattering is shown in Fig. 5.3. It was ﬁtted using
a least-squares ﬁtting procedure, comprising 12 Warren-Cowley short-range order
parameters αlmn to reach an R value of <5% for both separation techniques. The
αlmn are given in Table 5.1. For neighboring shells further away than 4 2 0, the
moduli of the short-range order parameters are in the order of magnitude of their
standard deviations (these are based on counting statistics).

Table 5.1: Warren-Cowley short-range order parameters αlmn for Ni-87.8 at.%
Pt from the Georgopoulos-Cohen (GC) and the Borie-Sparks (BS) evaluations.
In comparison, the parameters for the suggested adaptive structure NiPt7 , and
L12 and L10 are given (scaled to be compatible with a 1:7 stoichiometry).

lmn

αlmn
GC

BS

000

0.9208(41)

1.0783(27)

110

−0.0429(16)

200

0.0644(17)

211

−0.0274(10)

220

L12 type

L10 type

1.000

1.000

1.000

−0.0230(12)

−0.143

−0.143

−0.048

0.0639(12)

0.619

0.429

0.143

−0.0277(7)

−0.143

−0.143

−0.048

0.0347(11)

0.0345(8)

0.238

0.429

0.143

310

0.0005(08)

−0.0042(6)

−0.143

−0.143

−0.048

222

0.0026(13)

0.0004(8)

−0.143

0.429

0.143

−0.0033(4)

−0.143

−0.143

−0.048

0.619

0.429

0.143

321

−0.0009(5)

NiPt7

400

0.0078(15)

0.0027(10)

330

0.0067(10)

0.0057(7)

−0.143

−0.143

−0.048

411

−0.0043(9)

−0.0047(5)

0.238

−0.143

−0.048

420

0.0023(7)

0.0010(5)

0.238

0.429

0.143
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Figure 5.3: Short-range order scattering from Ni-87.8 at.% Pt in the (001)
plane; data are shown as separated by the Georgopoulos-Cohen and Borie-Sparks
method, and as recalculated with the short-range order parameters of Table 5.1.

As can be seen, α000 is close to its theoretical value of 1. The deviation presumably arises because of uncertainties in input parameters; the usually accepted
uncertainty of ±5% in calibration results in a variation of ±0.05 in α000 , whereas
a variation in composition of ±0.3 at.% introduces a uncertainty of ±0.02. Thus,
calibration might be considered as the main reason for the deviation. The accuracy of calibration can not be checked by considering the diﬀuse scattering
around the Bragg positions; it not only comprises thermal diﬀuse scattering, but
also Huang scattering (see also Sect. 4.2.3).
Using the values of Table 5.1 in Eq. (2.30), short-range order scattering has
been recalculated (Fig. 5.3); diﬀuse maxima of about 2.3 L.u. are found at 1 0 0type of positions for both evaluations, and a decrease in intensity towards 0 0 0
to about 0.6 L.u. is seen, which states that there is local order.
In Table 5.1, the theoretical αlmn of possible ground-state structures in Ptrich Ni-Pt, NiPt7 as suggested in [13], L12 and L10 corresponding to NiPt3 and
NiPt, respectively, are also given. Note that these values are normalized onto
a common composition with c = 0.125, adapting a Bragg-Williams approach
of “gray” sublattices (with the αlmn corresponding to the maximum degree of
order in the respective superstructure; see Sect. 2.1.2). A comparison of the sign
sequence hardly provides a means to tell the structures apart, although the signs
of α222 and α411 slightly favor L12 and L10 over NiPt7 . The experimental value
of α310 from the GC method, however, diﬀers in sign from those of all structures.
Note that “wrong” signs are known to exist, e.g., for α211 in solid solutions and a
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nearby L12 ground state [91].
A further step in the search of “ﬁngerprints” of possible ground state structures that might underlie the experimentally found short-range ordered state, is
an analysis in terms of Clapp conﬁgurations [92]. Such an analysis comprises all
distinguishable nearest-neighbor conﬁgurations possible on the considered lattice;
in f.c.c. there are 144 such conﬁgurations for which the given short-range ordered
state is searched and compared to the nearest-neighbor building elements of plausible ground state structures. However, it has to be noted that diﬀuse scattering
only gives access to two-point correlations and not to thirteen-point correlations
as it would be necessary for 12 nearest neighbors around a central atom in the
f.c.c. structure (see also Ref. [93]). Any conclusion based on this approach has
to be taken cautiously, but useful hints are provided nevertheless.
In order to perform this analysis, crystals consisting of 32 × 32 × 32 f.c.c.
unit cells were modeled under periodic boundary conditions, with a conﬁguration
based on the experimental set of short-range order parameters. The number
of each Clapp conﬁguration encountered in the crystal was normalized to its
number encountered in a crystal of the same composition but with a statistically
uncorrelated site occupation. This gives the enhancement factor of the respective
Clapp conﬁguration. The procedure was performed for the case of Ni atoms
around any central Pt atom (for ﬁgures of L12 and NiPt7 ; see Fig. 1.2), and for
the case of Ni atoms around any central Ni atom (for ﬁgures of L10 and NiPt7 ;
Fig. 1.2). In the following, all indicated sites (see Fig. 5.4 for the nomenclature of
the sites) refer to the positions of the respective atom (Ni) around the considered
atom (Ni or Pt). The remaining nearest-neighbor sites not cited are occupied by
the same kind as the central atom.
In Table 5.2, the Clapp conﬁgurations with the largest enhancement factors
together with their abundance are listed. In the case of Ni around Pt, the conﬁguration with the highest enhancement factor is C16 with Ni atoms on sites
5,6,7,8. This is the building element of L12 , and to a fraction of 14.3% that of
NiPt7 . C7 and C34 with Ni atoms on sites 5,6,7 and 5,6,7,8,11, respectively, are
C16-related conﬁgurations with more or less Ni atoms around Pt atoms. The
main building elements of NiPt7 , C3 with Ni on sites 6 and 7 and C1 with no Ni
atom around Pt, are missing. Therefore, the case of Ni around Pt favors L12 .
Repeatedly, C17 is encountered together with C16 features in short-range ordered states that show the L12 ordered ground state [6]. The conﬁguration C17
is the conﬁguration with Ni atoms on sites 4,6,7,9 around Pt atoms, indicating an
antiphase region within a L12 structure. However, C17 is absent in the present
case and, hence, there is no indication for antiphase regions here.
In the case of Ni around Ni, C16 is also the most enhanced conﬁguration, but
here it is the building element of L10 , known experimentally as a ground-state
structure in Ni-Pt [1]. The only other relevant conﬁgurations here are C7 and
C1; again, C7 is related to C16. Conﬁguration C1 with only Pt atoms around Ni
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Figure 5.4: Site labeling for the nomenclature of the Clapp conﬁgurations.

Table 5.2: Abundance analysis of nearest-neighbor conﬁgurations (Clapp conﬁgurations) for the short-range ordered state in Ni-87.8 at.% Pt (GC evaluation),
and for the superstructures NiPt7 , L12 and L10 .
structure

Clapp

sites

enhancement

abundance

conﬁguration

occupied

factor

in %

C16

5,6,7,8

11.2

0.2

C7

5,6,7

3.7

2.6

C34

5,6,7,8,11

3.3

0.1

C3

6,7

Ni around Pt
SRO (GC)

NiPt7

57.1

C1

28.6

C16

5,6,7,8

14.3

L12

C16

5,6,7,8

100.0

L10

C129

1,2,3,4,9,10,11,12

100.0

C16

5,6,7,8

2.8

0.1

C7

5,6,7

1.6

1.2

1.6

32.5

Ni around Ni
SRO (GC)

C1
NiPt7
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C1

100.0

L12

C129

1,2,3,4,9,10,11,12

100.0

L10

C16

5,6,7,8

100.0
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atoms, is the only feature of NiPt7 encountered in this case. So, the second case
favors L10 .
Thus, the analysis in terms of Clapp conﬁgurations favors the building elements
of L10 and L12 . But since both elements also occur in the NiPt7 structure, only
C1 in the case of Ni around Ni with a non-zero enhancement factor might hint for
NiPt7 , while the missing C3 conﬁguration in case of Ni around Pt argues against
it.

5.1.2 Static displacements
As in the case of short-range order scattering, the separated displacement scattering contributions were least-squares ﬁtted. With BS separated data, a value of
R < 5% was obtained using 15 Fourier coeﬃcients of the eﬀective static atomic
displacements γx,lmn . The GC separated data gave a value of R < 16% for the
PtPt
displacements between Pt-Pt, with an inclusion of eight Fourier coeﬃcients γx,lmn
.
The separated data set to the Ni-Ni displacements was smoothed prior to ﬁtting,
considering positions within a distance of  = 0.15 r.l.u. around any position, to
account for counting statistics being more pronounced in this case. Then, using
NiNi
eight Fourier coeﬃcients γx,lmn
, the ﬁtting resulted in R ≈ 24%. In contrast to
Ref. [7], the number of Fourier coeﬃcients is limited because all six Fourier series
Qμμ
i , μ = Pt, Ni, i = x, y, z, were taken into account and no radial approximation
was applied.
The species-dependent static atomic displacements xμμ
lmn  are derived from the
Fourier coeﬃcients using the following relations [see also Eqs. (2.30) and (2.34)
in the theoretical basics chapter];

xPtPt
lmn 

=

PtPt
(2π)−1 γx,lmn

−1 NiNi
xNiNi
lmn  = (−2π) γx,lmn

cPt
+ αlmn
cNi
cNi
+ αlmn
cPt

−1

,

(5.1)

−1

.

(5.2)

The Ni-Pt displacements are then determined by the linear combination of
and xPtPt
lmn , according to the existence of the average lattice [Eq. (2.18)].
Expressed in terms of the Fourier coeﬃcients, this yields


PtPt
NiNi
γ
γ
1
x,lmn
x,lmn
xNiPt
−
.
(5.3)
lmn  = −
4π 1 − αlmn 1 − αlmn

xNiNi
lmn 

To compare the results from BS and GC separated data, average scattering
factor ratios were determined to η̄ = −0.44 and ξ¯ = −1.44 within the considered
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range of scattering vectors, to calculate the eﬀective displacements,
NiNi
¯ PtPt .
γx,lmn = η̄γx,lmn
+ ξγ
x,lmn

(5.4)

All parameters are summarized in Table 5.3. With the species-dependent parameters of the GC evaluation, the contributions to ISE are recalculated and given in
Fig. 5.5.
Table 5.3: Species-dependent (xμν
lmn  from GC evaluation) and eﬀective [γx,lmn
of the (GC) and Borie-Sparks (BS) evaluations] static atomic displacements in
Ni-87.8 at.% Pt, given in units of the lattice parameter a.
lmn

xPtPt
lmn 

xNiNi
lmn 

xNiPt
lmn 

γx,lmn (GC)

γx,lmn (BS)

110

0.00161(36)

0.049(6)

-0.0078(3)

-0.0912(27)

-0.0905(9)

200

0.00042(15)

0.074(14) -0.0096(18)

211

0.00048(3)

0.045(5)

-0.0042(3)

-0.0173(26)

-0.0184(14)

121

0.00038(3)

0.014(5)

-0.0021(3)

-0.0205(24)

-0.0188(18)

220

-0.00030(5)

0.000(5)

0.0011(6)

0.0195(41)

0.0207(15)

310

0.00011(4)

0.012(6)

-0.0012(5)

-0.0028(34)

-0.0086(22)

130

-0.00005(4)

-0.010(5)

0.0009(4)

-0.0007(33)

-0.0038(19)

222

0.00007(1)

0.005(6)

-0.0006(5)

-0.0027(36)

0.0011(19)

0.0137(123)

0.0067(77)

Two features are striking:
• The displacements between Pt-Pt atoms are signiﬁcantly smaller than those
between Ni-Ni. This is expected, since Pt represents the majority component.
• Fig. 5.5 shows that the major modulations in the displacement scattering
contributions of Pt-Pt and Ni-Ni that occur at the low-angle side of the
Bragg positions, have opposite signs. As [see Eq. (2.34)]
h · Q = ηh · QNiNi + ξh · QPtPt ,

(5.5)

a counterbalancing between the two contributions in the separation procedure may not be excluded, despite the application of a stabilization technique.
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Figure 5.5: Recalculated linear displacement scattering in 0.1 L.u. Ni-87.8 at.%
Pt, using the Fourier coeﬃcients of Tables 5.1 and 5.3.

5.1.3 Interaction parameters and phase stability
Eﬀective pair interaction (EPI) parameters Vlmn were determined based on the set
of short-range order parameters as obtained by the GC evaluation (Table 5.1).
This was done in two ways, (i) using the approximation-free approach of the
inverse Monte Carlo (IMC) method, and (ii) the mean-ﬁeld approach of the
Krivoglaz-Clapp-Moss (KCM) high-temperature approximation (Sect. 2.4). Within the latter, corrections were applied for the ﬁrst three neighboring shells according to the γ-expansion method (GEM).
To perform the IMC simulations, model crystals were generated consisting of
48 × 48 × 48 atoms with linear boundary conditions. Five such crystals were
employed with diﬀerent distributions of Ni and Pt atoms, all compatible with
the measured set of short-range order parameters. The number of relevant EPI
parameters was determined by means of subsequent Monte Carlo simulations and
the quality of the agreement with the experimental short-range order parameters.
Eleven EPI parameters were found to be required. The result is given in Table 5.4
as the average of Vlmn over ﬁve simulations with standard deviations due to
counting statistics, i.e. due to those of the experimental αlmn .
With the use of the KCM-GEM approach, Vlmn were determined in two ways;
ﬁrst, the short-range order scattering ISRO as separated by the GC method was
ﬁtted in a least-squares ﬁtting procedure, and second, by a direct Fourier transformation of the recalculated short-range order scattering as given in Fig. 5.3 (also
within the GC evaluation). Their average is given in Table 5.4, with the largest
standard deviation of the two KCM-GEM approaches taken. The agreement with
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Table 5.4: Eﬀective pair interaction (EPI) parameters Vlmn as determined from
the set of αlmn (Table 5.1, GC evaluation). The inverse Monte Carlo method
(IMC) as well as the Krivoglaz-Clapp-Moss high-temperature approximation including the corrections by the γ-expansion method (KCM-GEM) were employed.
lmn

Vlmn (meV)
IMC

KCM-GEM

110

12.2(4)

9.7(11)

200

−8.3(2)

−10.0(11)

211

5.9(3)

4.9(8)

220

−4.6(1)

−4.8(4)

310

−0.6(2)

−0.8(3)

222

2.3(1)

2.5(4)

321

−0.6(1)

−0.4(2)

400

−0.2(2)

−0.5(5)

330

−1.4(1)

−1.4(3)

411

−0.6(1)

−0.5(2)

420

0.1(1)

0.0(2)

the data of the IMC method is mostly within one standard deviation.
To check whether the suggested NiPt7 structure is a ground state structure
of Ni-87.5 at.% Pt, Monte Carlo (MC) simulations were performed with both
sets of EPI parameters of Table 5.4. For that, crystals of 16 × 16 × 16 f.c.c.
unit cells and periodic boundary conditions (compatible with the L12 , NiPt7 ,
and L10 structures) were employed. The simulations were done starting with a
random arrangement, a NiPt7 structure, and with an arrangement of maximum
degree of L12 order, for an estimate of the uncertainty in the simulations when
antiphase regions are formed. In all three cases after 18 000 MC steps2 , the result
was a two-phase microstructure of NiPt3 with L12 structure3 within a Pt-rich
matrix. For the IMC data set, phase separation occurred below 450(10) K, and
for the KCM-GEM data set below 420(10) K. Therefore, NiPt7 as the ground state
structure of Ni-87.5 at.% Pt can not be supported. Instead, NiPt3 might exist
as an intermetallic phase in the Ni-Pt system, not yet experimentally observed.
2
3

In one MC step, every atom of the modeled crystal is considered once.
As compared to the L12 structure of Ni3 Pt in Fig. 1.2, the ﬁlled and open circles representing
the two atoms have to be interchanged.
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This was further evaluated by performing MC simulations for Ni-75 at.% Pt with
both sets of Vlmn from Ni-87.8 at.% Pt at diﬀerent temperatures. Here, the
starting crystal was the L12 structure, and also a random atomic arrangement.
In both cases and for both Vlmn data sets, a L12 structure was obtained below
an order-disorder transition temperature of 625(15) K. As usually observed, the
transition temperature for the stoichiometric composition is higher than for oﬀstoichiometry, where the transition would then be into the corresponding twophase region.
For checking whether NiPt3 might be a ground-state structure, the ordering
energy at 0 K is considered. At the concentration to which the EPI parameters
belong, the ordering energy gives the main contribution to the Gibbs energy. The
EPI parameters might also be used to determine the ordering energy for diﬀerent
structures at similar compositions to provide a comparison, and to give hints on
the stability of the considered structure. In Fig. 5.6, the ordering energies of
NiPt7 , NiPt3 , and NiPt for T = 0 K are shown; they were determined according
to Eq. (2.51) using the Vlmn from Table 5.4 (IMC method) for NiPt7 and NiPt3 ,
and those from Rodriguez et al. [7] for NiPt and also NiPt3 (circle).
Between the ordering energies of NiPt and pure Pt (dashed line), NiPt7 gives
a local maximum in the ordering energy and, therefore, represents no stable
ground-state structure. On the other hand, NiPt3 shows a local minimum, suggesting it to be stable. However, the energy of mixing is missing as the energy
of formation (= sum of energy of mixing and ordering energy) is decisive. The
experimentally deduced EPI parameters correspond to the aging temperature,
and a temperature dependence might enter the EPI parameters via, e.g., lattice
vibrations including thermal expansion. In addition, the EPI parameters used for
the calculation of the ordering energy of NiPt3 do not correspond to this composition, and the concentration dependence of the EPI parameters is recognized by
the diﬀerent ordering energy of NiPt3 when using the EPI parameters for Ni-48
at.% Pt (circle).
The ﬁndings of the Monte Carlo simulations that NiPt7 is unstable means that
it is indeed unstable, irrespective of what will be the ﬁnal state, while a conclusion
on the existence of NiPt3 needs additional experimental support.

5.1.4 Comparison with results by ﬁrst-principles calculations
In the following Section, the experimental results shall be compared to those
obtained by ﬁrst-principles calculations, as done by A. V. Ruban (for the details
of the methods, see Refs. [43], [44] and references therein). In this approach, the
Ising-like Hamiltonian is expanded in terms of eﬀective cluster interaction (ECI)
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Figure 5.6: Ordering energy for NiPt7 and NiPt3 using the Vlmn from the present
investigation, and NiPt using the Vlmn from Ref. [7]. The latter parameter set
was also used to calculate the ordering energy of NiPt3 (circle).

parameters up to forth order, i.e. including multi-site interactions;
1  (2) 
1  (3) 
HECI
=
Vp
σi σj +
V
σi σj σk
N
4 p
3 t t i,j,k⊂t
i,j⊂p
1  (4) 
+
V
σi σj σk σl .
4 q q i,j,k,l⊂q
(2)

(3)

(4)

(5.6)

Herein, Vp , Vt , and Vq are the two-, three-, and four-site interactions of the
corresponding two-, three-, and four-site clusters denoted by p, t, and q. The σi
are the site occupation numbers, but in contrast to Eq. (2.1) they are deﬁned
to take on the values +1 or -1 for Pt and Ni, respectively. The prefactor 1/4 of
the two-site interaction term is used to enable a direct comparison with the EPI
parameters from experiment. Note that the eﬀective two-site cluster interactions
(2)
Vp are still not the same as the eﬀective pair interactions Vlmn in Eq. (2.49). In
the latter case, the higher-order interactions are projected onto pair interactions
(2)
that are only accessible by diﬀuse x-ray scattering. The two-site interactions Vp ,
on the other hand, are the true pair interaction parameters.
The interaction parameters in Eq. (5.6) correspond to the interaction on a ﬁxed
Ni−Ni
si
Ni
underlying lattice. The strain-induced part is given by Vlmn
= ΔErel
− 2ΔErel
,
Ni−Ni
Ni
and ΔErel being the local relaxation energies of a Ni pair and a
with ΔErel
single Ni atom, respectively, in the dilute limit of Ni in Pt. To account for thermal
lattice expansion, a lattice constant of 3.890 Å was used, slightly higher than the
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experimental value at room temperature of 3.885 Å (Table 3.1).
The total energy calculations were done for totally relaxed NiPt7 and the competing phase consisting of L12 -ordered NiPt3 and pure Pt. A comparison of the
NiPt7
NiPt3
Pt
total energies per unit cell, ΔH = Etot
− Etot
− 4Etot
, yields:
• ΔH = 1.1 meV/cell with neglected magnetic interaction; this would mean
NiPt7 is not stable, because ΔH > 0. However, the small modulus of the
value provides no means for a deﬁnite conclusion.
• ΔH = 11.5 meV/cell, including magnetic interaction. Again, ΔH > 0, its
larger value indicating a more pronounced destabilization of NiPt7 .
In the latter case, it was found that within NiPt7 and NiPt3 Ni atoms acquire
a magnetic moment of 0.5μB (μB = Bohr magneton) at 0 K, whereas that of
Pt vanishes. As estimates for T = 600 K reveal, the magnetic moment of Ni
increases up to 0.77μB and that of Pt to 0.39μB , due to temperature-induced
longitudinal spin ﬂuctuations. This was also considered in the calculations of
the chemical part of the ECI parameters. The inﬂuence of magnetic interaction
ch
turned out to be small, so in Table 5.5 only the nonmagnetic case of Vlmn
is given.
The size-induced interaction parameters are given in the second column, and the
(2)
ch
si
+ Vlmn
in the third.
sum Vlmn = Vlmn
(2)
A comparison of the Vlmn from Table 5.5 with the EPI parameters from diﬀuse
scattering in Table 5.4 shows reasonable agreement. A substantial diﬀerence
is noted for the second coordination shell due to a large contribution from the
strain-induced interaction in the ﬁrst-principles calculations. Subsequent Monte
(2)
Carlo simulations with the Vlmn also produced a phase separation of NiPt7 into
NiPt3 with L12 structure and a Pt-rich matrix. This result corresponds to the
state at 0 K and, therefore, it yields additional information as compared to the
stability study with the results from experiment.
Finally, the multi-site interactions are found to be relatively small in Ni-87.5
at.% Pt:
• The strongest three-site interaction parameter for the three nearest neighbor
sites along, e.g., 110 yields -1.4 meV, and the one of the triangle of nearest
neighbors about -0.5 meV. All other three-site parameters are less than 0.1
meV in magnitude.
• The strongest four-site interaction parameter is the one for the tetrahedron
of nearest neighbors, amounting to 0.07 meV. All others are even smaller.
Thus, the theoretical two-site interactions are close to the experimental pairinteractions.
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ch
si
Table 5.5: Chemical (Vlmn
) and strain-induced part (Vlmn
) of the pair ECI
(2)
ch
si
parameters of Ni-87.5 at.% Pt, together with Vlmn = Vlmn + Vlmn . The values are
those of the multi-site conﬁgurational Hamiltonian HECI [Eq. (5.6)].
(2)

lmn

ch
Vlmn
(meV)

si
Vlmn
(meV) Vlmn (meV)

110

64.6

−54.7

9.9

200

2.0

−29.1

−27.1

211

−1.8

−2.6

−4.4

220

−5.9

1.7

−4.2

310

0.8

222

2.1

321

0.4

400

0.4

330

−1.5

411

0.0

420

0.3

5.2 NiPt3
The results of the last section suggest that NiPt3 with L12 structure might exist
as an intermetallic phase in the Ni-Pt system. To provide experimental support,
a single-crystalline Ni-75.2(3) at.% Pt sample was aged at 613 K, below the calculated order-disorder transition temperature. By performing transversal scans
in reciprocal space (ω-scans at a ﬁxed scattering angle 2θ), the three 1 0 0-type of
positions 3 0 0, 3 3 0, and 2 1 0 were investigated, and compared with transversal
scans over fundamental Bragg positions of the same type (h 0 0, h h 0, and 2h h 0).
The fundamental reﬂections showed a mosaicity of 0.3◦ to 0.5◦ ; thus, the receiving slit was removed during the scans to ensure the recording of the integrated
intensity, and, for the same reason, transversal scans were preferred over radial
scans (θ-2θ scans).
According to the Monte-Carlo simulations of the last section, long-range order
might be present below 625(15) K. To supply the crystal with a surplus of vacancies, the sample was ﬁrst aged at 1123 K for three hours and quenched in a He
stream (as with Ni-87.8 at.% Pt, see also Sect. 3.5.2).
Then, exploiting the kinetics of the vacancies at and above recovery stage III
(for pure Pt this stage comprises 500 K to 700 K [94]), an aging temperature of
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(a)

(b)

Figure 5.7: Rocking curves over the 1 0 0-type of superstructure position in
Ni-75.2 at.% Pt for diﬀerent aging times at 613 K; (a) diﬀuse peaks for the
ﬁrst 9 hours of aging, and (b) for the subsequent aging up to 250 hours, with
increasingly sharp maxima.
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613 K was chosen with a subsequent quenching in sand. The integrated intensities
were then measured after diﬀerent aging times. Fig. 5.7 shows the evolution of
the intensity at the 3 3 0 position with aging time. A continuous change is seen.
Fig. 5.8 shows the decrease of the full width at half maximum (FWHM) with aging
time, where in the beginning the FWHM amounts to ∼5.5◦ which is referred to
as diﬀuse, and decreases to ∼1.5◦ which might then be called sharp (note that a
fundamental peak has ∼0.4◦ FWHM).

Figure 5.8: Change of the FWHM of the 3 3 0 peak with aging time.
In Fig. 5.9, the increase of the ratio of the integrated intensities of 1 0 0-type
of reﬂections and fundamental reﬂections is shown, which will subsequently be
referred to as “ratio” parameter η. It is given as the average of ﬁve combinations
between superstructure and fundamental reﬂections [Eq. (4.10)]; 3 0 0 to 2 0 0
and 4 0 0, 3 3 0 to 2 2 0 and 4 4 0, and 2 1 0 to 4 2 0. This ratio parameter increases
from 0.09, which expresses short-range order, to 0.43(4) after 250 hours expressing
long-range order. Since there is still an increase between the last aging times, η
will attain an even higher value after longer aging times.
Since the L10 structure of the neighboring intermetallic phase NiPt would also
give superstructure reﬂections at 1 0 0-type of positions, the microstructure might
be a two-phase mixture of NiPt with L10 structure within a Pt-rich matrix.
However, the following arguments do not support this interpretation:
• as seen from the enlarged phase diagram on the Pt-rich side (Fig. 5.10),
the maximum possible degree of L10 long-range order would be η ≈ 0.7 for
Ni-55 at.% Pt [Eq. (2.11)]. The lever rule would never allow η = 0.43 to be
achieved - unless the right side of the two-phase regime is extended up to
∼90 at.% Pt.
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Figure 5.9: Change of the “ratio” parameter η with aging time at 613 K.
• no splitting of the fundamental reﬂections is observed, which would occur
if L10 precipitates are present because of c/a = 0.939.
• the position of the Bragg angle would have to shift oﬀ the 1 0 0 positions,
since a = 3.84 Å in Ni-75.2 at.% Pt, but c = 3.59 Å in NiPt [2]; this is not
observed.
In summary, the intermetallic phase NiPt3 could be established below an orderdisorder transition temperature of 625(15) K, and should be included in the Ni-Pt
phase diagram.

Figure 5.10: Lower Pt-rich part of the phase diagram according to Massalski,
Fig. 1.1. The red dot marks Ni-75 at.% Pt at 613 K and point “A” is at Ni-55
at.% Pt.
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5.3 Near-surface local atomic arrangements in
Ni-23.2 at.% Pt(110)
The raw data from the grazing incidence diﬀraction experiment on Ni-23.2(3)
at.% Pt(110) were corrected for surface normal misalignement, background, detector heterogeneity, the variation of the active sample area with changing scattering vector, polarization, and scaled in terms of the transmission coeﬃcient, as
described in Sect. 4.2.2 on data correction.
Data were brought to absolute units as described in Sect. 4.2.3, considering positions within a distance of  = 0.25 r.l.u. around the Bragg positions. TDS was
calculated using the elastic constants cij as determined from a separate sample by
the pulse-echo-overlap method (see Sect. 3.2 on sample characterization). With
the lattice parameter at 923 K of 3.687 Å (extrapolated from the value in Table 3.1
with the thermal expansion for Ni and Pt taken from Refs. [95] and [96], respectively), and the lattice parameter change with composition a−1 da/dc = 0.12
on the Ni-rich side, the B value in the total Debye-Waller factor for the bulk
[Eq. (4.22)] was determined to be 1.41×10−2 nm2 .
TDS up to third order together with Compton scattering were subtracted to
give the elastic diﬀuse scattering. Intensities were transferred to Laue units using
B = 2.0 × 10−2 nm2 and a calibration factor of 2.5. This calibration factor is
comparable to the estimated range of 1.6 to 2.5 (Sect. 4.2.3). The B value is
larger than in the bulk; this might be expected since interplanar relaxation and
surface roughness will enhance the static part in the Debye-Waller factor.
The measured elastic diﬀuse in-plane scattering in L.u. is given in Fig. 5.11(a),
and that for out-of-plane scattering in Figs. 5.12(a) and 5.13(a). Beside the
Bragg reﬂections, the regions around crystal truncation rods (CTR) and the
direct beam are marked by hatched areas and were not considered in the further
data evaluation. At the 1 0 0-type of positions diﬀuse maxima much broader than
the CTR are visible. Their asymmetry and the increase in intensity towards the
Bragg positions stems from size-eﬀect and Huang scattering, respectively. Huang
scattering also gives rise to a general increase in intensity towards larger scattering
vectors.

5.3.1 Cubic isotropic site occupation
The elastic diﬀuse scattering was ﬁtted employing the Williams approach under cubic symmetry with a set of 16 αlmn , 12 γx,lmn , and one Fourier coeﬃcient
of quadratic displacement scattering, δx,000 . To avoid a larger number of δx,lmn
(they are strongly correlated with the αlmn ), the range of data around the Bragg
positions that are not considered in the least-squares ﬁtting was set to 0.4 r.l.u.
Therewith, a ﬁtting quality of R = 14% was obtained. The recalculated intensities for in- and out-of-plane scattering are given in Figs. 5.11(b), 5.12(b), and

62

5.3 Near-surface local atomic arrangements in Ni-23.2 at.% Pt(110)

(a)

(b)

Figure 5.11: (a) Elastic diﬀuse in-plane scattering from Ni-23.2 at.% Pt(110).
The hatched areas mark the vicinity of the Bragg reﬂections, the direct beam,
and the crystal truncation rods. The beam energy was 9.8 keV, with an angle
of incidence and exit of 0.3◦ . (b) Recalculated elastic diﬀuse in-plane scattering
using the parameters of Tables 5.6 and 5.14.
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(a)

(b)

Figure 5.12: (a) Elastic diﬀuse out-of-plane scattering from Ni-23.2 at.%
Pt(110). The angle of incidence is set to 0.3◦ as for in-plane scattering, while
the outgoing angle corresponds to a shift of (-0.45,0.45,0). (b) Recalculated elastic diﬀuse out-of-plane scattering using the parameters of Tables 5.6 and 5.14.
The color scale is the same as in Fig. 5.11.

(a)

(b)

Figure 5.13: (a) Elastic diﬀuse out-of-plane scattering from Ni-23.2 at.%
Pt(110) with an angle of exit corresponding to a shift of (-1,1,0). (b) Recalculated elastic diﬀuse out-of-plane scattering using the parameters of Tables 5.6
and 5.14. The color scale is the same as in Fig. 5.11.
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5.13(b), respectively; they show a good agreement with the measured data.
The Warren-Cowley short-range order parameters are given in Table 5.6, together with those for the L12 ordered structure of Ni3 Pt. The sign sequence of
the experimental αlmn closely follows that of L12 , except for α211 , α411 , and α431 ,
which have values close to 0. The nearest-neighbor parameter, α110 , with negative
sign and a modulus reaching 45% of its maximum value at the given composition,
indicates local order as it would be expected for the bulk at 923 K.
The recalculated short-range order scattering given in the (001) plane is shown
in Fig. 5.14, with diﬀuse maxima reaching a height of 4 L.u. Most striking are the
disc-shaped contour lines of equal intensity around the diﬀuse maxima, indicating
local elements of antiphase regions [6].
For an analysis in terms of Clapp conﬁgurations, a ﬁlm was modeled with [1 1 0]
normal, a lateral extension of 64 × 64 atoms, and 32 monolayers in thickness.
The thickness corresponds to about twice the depth at which the intensity of the
evanescent wave decays to 1/e in the experiment. Periodic boundary conditions
were only applied parallel to the surface. A segregation proﬁle was introduced at
both surfaces by ﬁxing the Pt fraction in the ﬁrst two border layers to 0 and 60
at.%, respectively, as it might be expected according to the experimental values
given by Gauthier [40]. With or without the incorporation of the segregation
proﬁle, crystals could always be modeled within 0.1 standard deviations of the
experimental data.
The subsequent analysis of the Clapp conﬁgurations hardly revealed a diﬀerence between the two considered types of model crystals, suggesting that the
near-surface short-range order is close to that in the bulk. The most enhanced
Clapp conﬁgurations in the model crystals including the segregation proﬁle are
given in Table 5.7 (for a site description refer to Fig. 5.4). They are given for the
case of Pt atoms around any Ni atom, considering elements of the L12 structure
on the Ni-rich side, and Pt atoms around any Pt atom for the consideration of
elements of L10 and L12 .
Similar to the analysis of short-range order in Ni-87.8 at.% Pt, the Clapp
conﬁguration representing the building element of L12 , C16, is most enhanced, but
with the enhancement factor and abundance being larger than in the case of Ni87.8 at.% Pt due to a stronger degree of local order in the present case. Similarly,
there are more conﬁgurations related to C16 (C34, C7, and C59, with more or less
Pt atoms as nearest neighbors) with larger abundances, since the concentration of
the minority component is higher than in Ni-87.8 at.% Pt. In addition, C17 and
its related conﬁguration C35 are present in Ni-23.2 at.% Pt(110) with a relatively
high abundance. As C17 is the building element of an antiphase region within L12 ,
its occurrence is consistent with the disc-shaped intensity contour lines around
1 0 0 and its symmetry-equivalent positions in Fig. 5.14. Conﬁguration C18 is
related to both, C16 and C17.
L10 was considered as another superstructure, known to exist in Ni-Pt. Since
C16 is the characteristic feature for both structures when dealing with the case of
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Table 5.6: Warren-Cowley short-range order parameters αlmn for Ni-23.2 at.%
Pt(110) at 925 K. For comparison, those of the L12 ordered structure are given.
lmn

αlmn
near-surface

000

0.9943(235)

L12
1.000

110

−0.1359(48)

−0.333

200

0.1660(46)

0.333

211

0.0021(30)

−0.333

220

0.0519(36)

0.333

310

−0.0408(23)

−0.333

222

0.0066(40)

0.333

321

−0.0059(17)

−0.333

400

0.0348(41)

0.333

330

−0.0126(30)

−0.333

411

0.0065(23)

−0.333

420

0.0081(21)

0.333

233

0.0010(24)

−0.333

422

0.0002(23)

0.333

431

0.0027(16)

−0.333

510

−0.0107(23)

−0.333

Pt around Ni, the conﬁgurations concerning Pt around any Pt atom is considered.
Then, C16 represents the building element of L10 , and C1 that of L12 ; both are
the most enhanced conﬁgurations in this case (Table 5.7), but with a signiﬁcantly
higher abundance for C1.
Thus, the evaluation based on cubic symmetry reveals short-range order in the
near-surface regime with local elements of the L12 structure, as it would be expected for the bulk and the nearby Ni3 Pt phase. No conclusion could be drawn
about the presence of the segregation proﬁle. Indications of local elements of antiphase regions were found by the disc-shaped contour lines of equal intensity of
the diﬀuse maxima at 1 0 0 and its symmetry-equivalent positions. This feature
was also observed by Saha et al. in electron diﬀraction patterns of bulk Ni-25
at.% Pt [4].
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Figure 5.14: Recalculated short-range order scattering for Ni-23.2(3) at.%
Pt(110) at 923 K, shown in the (001) plane.

Table 5.7: Clapp conﬁgurations with largest enhancement factors for the shortrange ordered state in the near-surface region of Ni-23.2 at.% Pt(110). The cases
of Pt atoms around any Ni, and Pt atoms around any Pt atom are considered.
Clapp

sites

enhancement abundance

conﬁguration

occupied

factor

in %

C16

5,6,7,8

29.8

3.2

C59

2,4,5,6,9,11

16.8

0.3

C17

4,6,7,9

12.1

2.6

C34

5,6,7,8,11

9.8

2.4

C35

4,6,7,9,11

5.3

1.5

C7

5,6,7

5.1

7.1

C18

5,6,8,11

4.6

7.0

5,6,7,8

3.2

0.5

3.7

17.0

Pt around Ni

Pt around Pt
C16
C1
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5.3.2 Tetragonal anisotropic site occupation
The same data set was ﬁtted by the Williams approach with a reduced symmetry
in the Fourier series of Eq. (2.30), according to a microstructure with tetragonal
site occupation. Thereby, the atoms in neighboring shells were grouped as described in Sect. 2.2.4, i.e. with the distance vector being either parallel to the
surface normal, perpendicular to it, or inbetween. To reduce the number of input
parameters in the subsequent ﬁtting procedure, the overall average short-range
order scattering was set to one (α000 = 1), and excluded from the ﬁtting process
by subtracting one Laue unit from the coherent elastic diﬀuse scattering data.
Employing a set of 11 αlmn , 11 γx,lmn , and one Fourier coeﬃcient of quadratic displacement scattering, a quality of ﬁtting of R = 29% was obtained. The larger R
value as compared to the one of the cubic evaluation reﬂects the fact that more
Fourier coeﬃcients are ﬁtted to any shell lmn. In the present classiﬁcation of
neighboring positions with at most three short-range order parameters per shell,
the 11 αlmn include neighbors in shells up to 2 2 0. They are listed in Table 5.8,
with reference to Table 2.2 for the allocation of position within a shell under
tetragonal symmetry along [110]. The modulus of α110 (per) is slightly larger
than the others which is rather surprising since the segregation proﬁle would be

Table 5.8: Warren-Cowley short-range order parameters αlmn for Ni-23.2 at.%
Pt(110) under a tetragonal site occupation. Neighboring atoms are sorted
with respect to the angle between surface normal and the distance vectors; as
par(allel) and per(pendicuar) if the distance vector is closest or furthest away
from the surface normal, respectively. Otherwise the neighboring atoms are called
inb(etween). Also given are the short-range order parameters of the nearestneighbor positions in the case of (110) planes being populated either by Ni or Pt
in an alternating way.
lmn

αlmn
Ni-23.2 at.% Pt(110)
par

per

000

68

L10
inb

par per inb

1

110

-0.116(9)

-0.211(12) -0.150(19)

200

0.195(6)

0.192(10)

211

0.045(20)

0.038(8)

-0.013(4)

220

0.017(15)

0.063(9)

0.059(3)

1

1

-1
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expected to enhance the short-range order in direction of the surface normal,
while suppressing order perpendicular to it. This should render ”per” smaller in
magnitude than ”par”. Now, the case might be considered with an alternating
stacking of (1 1 0) planes being populated only by Ni or Pt atoms, respectively.
This would be equivalent to the L10 structure of NiPt, in which α110 would take
on values of 1 for those types of neighbors being in the plane (per) and parallel to
the surface normal (par) [Table 5.8]. The latter holds because the next 1 1 0-type
of neighbor along the surface normal would be found in the third layer which,
like the ﬁrst one, would again be exclusively occupied by Ni. The second layer,
on the other hand, contains the ”inbetween” 1 1 0-type of neighbors and would
be exclusively occupied by Pt; therefore, this α110 would take on the value -1
(in the case of a L10 structure, the Pt concentration is cPt = 0.5 and hence,
α110 (inb) = 1 − PNiPt
110 (inb)/cPt = −1).
An indication for the segregation proﬁle, however, is provided by the nearestneighbor eﬀective atomic displacements as obtained by the evaluation under
tetragonal symmetry. They yield γx,110 (par) = -0.172(34), γx,110 (per) = -0.065(6),
and γx,110 (inb) = -0.072(4). Thus, the displacements parallel to the surface normal are largest, which is consistent with the occurrence of interplanar relaxation
in the direction of the surface normal.

5.3.3 Comparison with results by ﬁrst-principles calculations
Theoretical, layer-resolved short-range order parameters were provided by A. V.
Ruban; they were determined by Monte-Carlo simulations with a set of eﬀective
interactions including surface segregation energies, total eﬀective pair interactions
(chemical plus strain-induced), and the strongest three- and four-site interactions [44]. Subsequently, depending on the distance to the surface, the theoretical
short-range order parameters were weighted according to the exponential decay
of the evanescent wave to enable a comparison with experimental values. Theoretical and experimental αlmn are given in Table 5.9; they show reasonably good
agreement. Thus, the conclusion to be drawn at this point is that the segregation
proﬁle, that comprises only two to three layers according to Gauthier [40], is too
weak to be resolvable by the GID experiment. Consequently, bulk data on the
microstructure at the present composition and temperature would be necessary
to provide deﬁnite conclusions.

5.4 Local atomic arrangements in Ni-25 at.% Pt:
bulk vs. near-surface
In order to provide information about the bulk microstructure of Ni-25 at.% Pt for
a further interpretation of the near-surface diﬀraction data, a bulk measurement
was performed on Ni-25.6(3) at.% Pt. Measurement and evaluation details were
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Table 5.9: Short-range order parameters αlmn from ﬁrst-principles calculations
in comparison to the ﬁtted Warren-Cowley short-range order parameters of Ni23.2 at.% Pt(110) using a tetragonal site occupation.
lmn

αlmn
theory
par

000
110

per

experiment
inb

par

1
0.117

0.101

211

0.032

0.031

220

0.031

0.031

inb

1

-0.137 -0.122 -0.126 -0.116(9)

200

per

-0.211(12) -0.150(19)

0.195(6)

0.192(10)

0.029

0.045(20)

0.038(8)

-0.013(4)

0.029

0.017(15)

0.063(9)

0.059(3)

the same as for Ni-87.8 at.% Pt, Sect. 4.1 and 5.1, except for the recording of
symmetry-equivalent positions rather than a closed volume in reciprocal space.
The results will be compared to those from the GID measurement on Ni-23.2
at.% Pt(110), together with the results from ﬁrst-principles calculations provided
by A. V. Ruban [44].
Short-range order and displacement scattering were again separated using the
BS and GC methods. In the latter case, a quality in ﬁtting of R < 6% was
obtained, applying λ = 2. For the BS evaluation, the data were restricted to
positions with scattering angles between 14◦ and 60◦ to reduce the variation in
the scattering-factor ratios η/ξ. This revealed a quality in ﬁtting of R < 6%, also
using λ = 2.

5.4.1 Local order and interaction parameters
For both evaluation techniques on the bulk diﬀuse scattering data, the separated
short-range order scattering could be least-squares ﬁtted to an R value of ∼6%,
using 27 Fourier coeﬃcients αlmn , summarized in Table 5.10. The agreement
between both evaluation methods is within one to two standard deviations.
The recalculated short-range order scattering based on the values in Table 5.10
is shown in Fig. 5.15, together with the as-separated data. The diﬀuse maxima
with a height of 4.5 L.u., and the decrease of intensity towards the origin to about
0.3 L.u. for both evaluations, state that local order is present.
Like in the recalculated short-range order scattering from Ni-23.2 at.% Pt(110),
Fig. 5.14, the contour lines of equal intensity around the diﬀuse maxima at 1 0 0
and its symmetry-equivalent positions show a disc-like shape, indicating local
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elements of antiphase regions. The diﬀuse maxima are only slightly higher in the
present case than for the near-surface data; the short-range order scattering from
the bulk and the near-surface region practically look identical.
In Table 5.11, the short-range order parameters for the ﬁrst eight shells from
the GC evaluation are given, together with those for the near-surface region in
Ni-23.2 at.% Pt(110) (Table 5.6). Theoretical short-range order parameters for
bulk Ni-23 at.% Pt at 923 K are given in the third column, determined by Monte
Carlo simulations using ﬁrst-principles eﬀective interactions; good agreement is
seen within a few standard deviations. Diﬀerences between the experimental data
and the theoretical bulk values are larger. The reason for this is not known yet.
Eﬀective pair interaction parameters were determined using the IMC and KCMGEM approaches based on the experimental short-range order parameters. The
details of the procedure are the same as in Sect. 5.1.3 on bulk Ni-87.8 at.% Pt.
The EPI parameters as determined by the two approaches agree well within one
to two standard deviations for both data sets. So the Vlmn from the IMC method
are only presented in Table 5.12. The theoretical eﬀective cluster interactions
were determined for the bulk in the paramagnetic state, including strain-induced
Pt−Pt
Pt−Pt
si
Pt
Pt
interactions Vlmn
= ΔErel
− 2ΔErel
, with ΔErel
and ΔErel
being the local relaxation energies of a Pt pair and a single Pt atom, respectively, in the
dilute limit of Pt in Ni. The eﬀective two-site interactions are also given in Table 5.12; the nearest-neighbor EPI parameters V110 from the experiments agree
(2)
within one standard deviation, while the theoretical V110 is larger. The latter
might be due to a high inﬂuence of strain-induced interactions among nearest
neighbors as revealed by theory. The subsequent interaction parameters show a
decent agreement and are smaller than V110 . As compared to the EPI parameters
of Ni-87.8 at.% Pt, the nearest-neighbor interaction is much larger in Ni-rich NiPt; the strong dependence of V110 on the Pt fraction is visualized in Fig. 5.16, also
including V110 of Ni-48 at.% Pt from Rodriguez et al. [7]. The decrease of V110
with increasing Pt fraction was also predicted by Paudyal et al. [12] by electronic
structure calculations.
Monte Carlo simulations with the values from Table 5.12 give the following
order-disorder transition temperatures for Ni3 Pt with L12 structure; 790(40) K
for the bulk data set, 835(10) K for the near-surface data set, and 820 K with the
data set from theory. All values are close to the experimentally observed value of
853 K [1].
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Table 5.10: Warren-Cowley short-range order parameters αlmn for the GC and
the BS evaluation, as obtained from diﬀuse scattering data from bulk Ni-25.6
at.% Pt.
lmn
000
110

GC

BS

0.9815(57)

1.0372(34)

-0.1251(18) -0.1258(13)

200

0.1253(28)

0.1326(18)

211

0.0037(12)

0.0037(9)

220

0.0558(21)

0.0585(13)

310
222
321
400
330

-0.0332(11) -0.0337(8)
0.0150(21)
-0.0091(8)
0.0266(22)

0.0148(12)
-0.0086(5)
0.0246(13)

-0.0129(15) -0.0133(10)

411

0.0084(11)

0.0071(8)

420

0.0150(14)

0.0137(8)

233

-0.0034(10) -0.0039(6)

422

0.0078(13)

0.0056(8)

431

0.0000(7)

0.0011(5)

510

-0.0093(10) -0.0080(6)

521

-0.0050(7)

-0.0045(4)

440

0.0033(15)

0.0043(9)

433

-0.0000(10)

0.0001(6)

530

-0.0034(11) -0.0028(7)

244

0.0007(12)

0.0005(7)

600

0.0042(20)

0.0030(12)

532

0.0001(7)

-0.0009(5)

611

0.0043(11)

0.0041(7)

620

0.0046(11)

0.0036(7)

541
622
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αlmn

-0.0011(8)
0.0028(10)

-0.0010(4)
0.0016(6)
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Figure 5.15: Short-range order scattering from Ni-25.6 at.% Pt in the (001)
plane. Data are shown as separated by the Georgopoulos-Cohen and Borie-Sparks
methods, and as recalculated with the short-range order parameters of Table 5.10.

Table 5.11: Warren-Cowley short-range order parameters αlmn , as obtained by
diﬀuse scattering from bulk Ni-25.6 at.% Pt (GC evaluation) and the near-surface
regime of Ni-23.2 at.% Pt(110). Also given are theoretical values for bulk Ni-23
at.% Pt at 925 K, as determined by Monte Carlo simulations using ﬁrst-principles
eﬀective interactions.
lmn

αlmn
experiment

theory

bulk

near-surface

bulk

000

0.9815(57)

0.9943(235)

1.000

110

-0.1251(18)

-0.1359(48)

-0.161

200

0.1253(28)

0.1660(46)

0.164

211

0.0037(12)

0.0021(30)

0.034

220

0.0558(21)

0.0519(36)

0.046

310

-0.0332(11)

-0.0408(23)

-0.058

222

0.0150(21)

0.0066(40)

-0.020

-0.0059(17)

-0.006

0.0348(41)

0.053

321
400

-0.0091(8)
0.0266(22)
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Table 5.12: EPI parameters Vlmn for bulk Ni-25.6 at.% Pt and for the nearsurface region of Ni-23.2 at.% Pt(110) (both from the IMC method), and eﬀec(2)
tive two-site interactions Vlmn from ﬁrst-principles calculations (including straininduced interactions).
lmn

(2)

Vlmn (meV)

Vlmn (meV)

Ni-25.6 at.%Pt Ni-23.2 at.% Pt

Ni-23 at.% Pt

bulk

near-surface

bulk

110

40.0(16)

42.7(12)

58.3

200

−4.9(15)

−14.3(13)

−6.2

211

0.1(11)

0.1(6)

−6.3

220

−3.2(8)

−0.1(7)

−5.4

310

1.4(6)

0.5(5)

0.7

222

1.0(9)

1.9(13)

2.4

321

0.4(4)

0.4(3)

0.8

400

0.6(4)

−0.2(7)

0.0

Figure 5.16: Nearest-neighbor pair interaction parameters V110 of Ni-25.6 at.%
and 78.8 at.% Pt (this work), and of Ni-48 at.% Pt from [7].
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5.4.2 Static atomic displacements
The least-squares ﬁtting of the displacement scattering from the GC evaluation
gave a R value of ∼ 15% for the Pt-Pt displacements, and R ≈ 20% for those
μμ
between Ni-Ni, using eight Fourier coeﬃcients γx,lmn
. As for Ni-87.8 at.% Pt,
the data set to the Ni-Ni displacements were smoothed prior to ﬁtting (also
considering positions within  = 0.15 r.l.u. around any position). The reason for
this was also a more pronounced presence of counting statistics.
For the BS separated displacement scattering, a R value of ∼ 35% was achieved,
using eight eﬀective displacement parameters. All parameters are summarized in
Table 5.13, using Eq. (5.1) to (5.3) to determine the species-dependent displacements, and η̄ = 0.44 and ξ¯ = 1.44 in Eq. (5.4)4 for the eﬀective displacements
from GC data.
NiNi
Table 5.13: Species-dependent (xPtPt
lmn  and xlmn  from GC evaluation) and
eﬀective [γx,lmn of the (GC) and Borie-Sparks (BS) evaluation] static atomic displacements in bulk Ni-25.6 at.% Pt, given in units of the lattice parameter a.

lmn

xPtPt
lmn 

xNiNi
lmn 

xNiPt
lmn 

110

0.0347(6)

0.00256(9)

0.0066(1)

-0.049(1)

200

-0.0092(15) -0.00065(43) -0.0036(8)

0.034(7)

0.032(12)

211

-0.0039(5)

-0.00150(12) -0.0029(2)

0.000(2)

0.001(2)

121

-0.0007(3)

-0.00036(8)

-0.0006(1) -0.001(1)

0.001(1)

220

-0.0020(5)

-0.00061(11) -0.0014(2)

310

0.0033(5)

130

0.0013(5)

222

-0.0009(5)

γx,lmn (GC) γx,lmn (BS)
-0.053(2)

0.002(2)

-0.003(3)

0.00002(10)

0.0005(2) -0.009(2)

-0.010(1)

0.00069(10)

0.0012(2)

0.002(2)

0.005(3)

-0.00056(12) -0.0010(2) -0.002(2)

0.002(3)

The agreement between the eﬀective displacements from the GC and BS evaluation is excellent, diﬀering by less than one standard deviation. Like for the
species-dependent displacements in Ni-87.8 at.% Pt, the displacements of the
majority component (Ni-Ni displacements in the present case) are signiﬁcantly
smaller than those of the minority element.
In Table 5.14, the eﬀective static atomic displacements in bulk Ni-25.6 at.% Pt
from the BS evaluation are compared to those in the near-surface region of Ni23.2 at.% Pt(110) from the cubic evaluation. By considering the displacements
4

As compared to Ni-87.8 at.% Pt, the signs of η̄ and ξ¯ change due to a role change of minority
and majority component in the present case.

75

5 Results and discussion
between 1 1 0-type of neighbors, indications of interplanar relaxation are revealed
again by the distinctively larger values in the near-surface region, consistent with
the ﬁndings from the tetragonal anisotropic model (Table 5.8).
In summary, it is possible to recognize interplanar relaxation in the near-surface
region by grazing incidence diﬀraction; this was revealed by an evaluation of
eﬀective static atomic displacements based on tetragonal symmetry, as well as
by an evaluation based on cubic symmetry in comparison with the results from
a bulk measurement. Concerning the local chemical order in the near-surface
region, on the other hand, none such clear indications for the segregation proﬁle
are given in the experimental data. In fact, the comparison with the bulk data
revealed that, experimentally, local order in the bulk and the near-surface region
is practically identical.
Table 5.14: Eﬀective static atomic displacements as found in the bulk of Ni-25.6
at.% Pt (BS evaluation), and in the near-surface region of Ni-23.2 at.% Pt(110).
lmn
110
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γx,lmn
bulk (BS)

near-surface

-0.053(2)

-0.074(2)

200

0.032(12)

0.006(4)

211

0.001(2)

0.018(2)

121

0.001(1)

-0.003(2)

220

-0.003(3)

0.019(2)

310

-0.010(1)

-0.014(2)

130

0.005(3)

-0.008(2)

222

0.002(3)

0.003(2)

6 Conclusion and outlook
Diﬀuse x-ray scattering was taken from single-crystalline Ni-87.8(3) at.% Pt, aged
at 603 K for 165 h and quenched to room temperature. Warren-Cowley shortrange order parameters and static atomic displacements were determined. On
basis of the set of short-range order parameters, eﬀective pair interaction parameters were determined to calculate the ordering energy. Monte Carlo simulations
were subsequently applied to study the stability of a possible NiPt7 phase which
was suggested by theory to exist below 371 K. This phase was found to be unstable against decomposition into NiPt3 within a Pt-rich matrix, a result that
is supported by ﬁrst-principles electronic structure calculations provided by a
collaboration. Thus, there is no compelling reason for the presence of NiPt7 .
Since NiPt3 with L12 structure is not yet included in the Ni-Pt phase diagram of
Ref. [1], a Ni-75.2(3) at.% Pt single crystal was investigated. Based on integrated
intensities, a long-range order parameter of η = 0.43(4) after an aging for 250 h
at 613 K could be determined, and interpreted to be due to the L12 order of
NiPt3 . Thus, the Ni-Pt phase diagram should be completed by this intermetallic
phase below an order-disorder transition temperature of 625(15) K.
Nonetheless, this issue might attract additional investigations; a detailed study
of the underlying kinetics in this specimen would be advisable. The evolution of
the η parameter with aging time shows no simple exponential behavior, since
during the ﬁrst aging times the kinetics is supported by a surplus of vacancies.
It could be beneﬁcial to choose a diﬀerent quenching method to provide a higher
surplus of vacancies, which would then push recovery stage III to lower temperatures, and alter the relaxation behavior. In combination with a long-term aging
program, information on the intermediate and later relaxation processes, and the
maximum attainable degree of long-range order, is provided.
Since the contour lines around 1 0 0 positions in Ni-75.2 at.% Pt showed no
disc-like shape (contrary to Ni-25.6 at.% Pt), there are no strong indications
for elements of antiphase regions of the L12 structure on the Pt-rich side. This
composition dependence of the eﬀective pair interaction parameters might be of
special interest to be addressed by electronic structure calculations.
The near-surface regime of Ni-23.2(3) at.% Pt(110) at 923 K was studied by
grazing incidence diﬀraction. In contrast to earlier experiments employing grazing incidence diﬀraction, in-plane and out-of-plane diﬀraction were combined to
reveal information about the average atomic structure with an inclusion of depth
resolution. Therewith, it was hoped to recognized surface relevant eﬀects like
the segregation proﬁle and the corresponding interplanar relaxation, as they are
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known to exist in the near-surface regime of Ni-Pt single crystals, by applying
an evaluation based on tetragonal site occupation. However, the segregation proﬁle in the present case comprises only about three layers, and since the relevant
penetration depth for which diﬀraction is signiﬁcant amounts to ∼18 layers under the given circumstances, it was not possible to clearly identify the weakly
pronounced segregation proﬁle in the scattering data; as was conﬁrmed by ﬁrstprinciples electronic structure calculations, and a comparison with bulk scattering
data on a sample with a similar composition, local order in the near-surface regime
is practically identical to that in the bulk. Short-range order with L12 elements
was found according to the nearby Ni3 Pt phase, as well as corresponding local
elements of antiphase regions. On the other hand, it was possible to recognize
interplanar relaxation in the eﬀective static atomic displacements obtained by the
evaluation based on tetragonal symmetry. This was conﬁrmed by a comparison
of the eﬀective displacements from a cubic evaluation with those from the bulk
measurement.
To discuss the stability of ground state structures, Fig. 6.1 summarizes the
ordering energy for possible long-range ordered phases in Ni-Pt; NiPt7 , NiPt3 ,
and Ni3 Pt. Also, the value of NiPt is shown, determined with the EPI parameters

Figure 6.1: Ordering energies at 0 K for the diﬀerent ground state structures
of Ni-Pt: NiPt7 (square: this work, Sect. 5.1; triangle: theory, Ref. [43]), NiPt3
(square: this work, Sect. 5.2; triangle: theory, Ref. [43]), NiPt (circle: with
EPI parameters from Ref. [7]), and Ni3 Pt (square: this work, Sect. 5.4; triangle:
theory, Ref. [44]).
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from Rodriguez et al. [7]. Except for NiPt7 which gives no local minimum and thus
is not a ground state structure, local minima can be seen for Ni3 Pt and NiPt. The
ordering energy of NiPt3 also presents a local minimum, though not as distinct as
for Ni3 Pt; the lower modulus corresponds to the lower order-disorder transition
temperature of NiPt3 as compared to Ni3 Pt. The ﬁndings are supported by ﬁrstprinciples calculations.
For future applications of grazing incidence x-ray diﬀraction including an evaluation on the basis of a reduced symmetry in the near-surface region, data with
an even higher quality as in the present case are necessary, also comprising a
large number of positions in reciprocal space. A promising sample for a study on
the near-surface microstructure might then be a Ni-25 at.% Pt single crystal with
a [1 0 0] oriented surface. In this case, a long-ranging segregation proﬁle with a
L10 -type of structure might be possible, where successive (1 0 0) planes enriched
in Ni and Pt, respectively, might easily be built up. This might lead to a reduction of in-plane correlations if the temperature is properly tuned with respect
to the order-disorder transition temperature. In addition, the measurement of a
number of positions >10’000 on a ﬁxed grid in reciprocal space would allow the
near-surface microstructure to be studied under tetragonal symmetry including
a species-dependent analysis. Still, care has to be taken in the interpretation of
the scattering data as reconstruction might occur. This would give an additional
scattering contribution.
Since such experiments have to be performed with x rays from modern storage
rings, the availability of an undulator insertion device at the MS beamline would
be highly proﬁtable due to the excellent brilliance of the beam; the higher photon
ﬂux allows the measuring time per position to be reduced, and a better beam
focusing will make it possible to use even smaller grazing angles and, therefore,
to go to higher photon energies.
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Appendix: Atomic arrangements
with high degree of local order
Near-surface local atomic arrangements in
Ni-25.6 at.% Pt(111)
In the evaluation of the near-surface diﬀraction measurement on Ni-25.6(3) at.%
Pt(111), two major drawbacks were encountered:
1. The trimﬁle of the detector had not been set properly; it was intended to
discriminate the Ni K ﬂuorescence lines, but failed to do so.
2. The temperature of the sample during the measurement was set very close to
the order-disorder transition temperature of Ni3 Pt; the corresponding high
degree of local order gave sharp diﬀuse maxima with a height of ∼12 L.u.
First of all, ﬂuorescence is a constant background that can be subtracted.
However, the exact abundance of the ﬂuorescence intensity is not known and,
therefore, it presents an additional free input parameter for the evaluation. In
addition, due to the generally high intensities, any correction applied on the data
as long as they contain ﬂuorescence (comprising the correction for surface normal
misalignment, the change of the eﬀective illumination area with the scattering
vector, and the scaling between in-plane and out-of-plane scattering) renders
them very sensitive to the corrections, especially due to the insuﬃcient counting
statistics.
The sharp diﬀuse maxima represent a problem for the ﬁtting procedure concerning short-range order scattering. The maxima can not be reproduced by a
small number of short-range order parameters, corresponding to the high degree
of local order. On the other hand, a large number of Fourier coeﬃcients results in
an overshooting around the “sharp edges” of the peaks which can not be avoided
because of the limited density of measured positions.
As shown in Fig. 6.2, the scans over diﬀuse maxima at diﬀerent temperatures,
usually performed during the measurement, provided no means to assume a high
degree of local order. All corresponding states were considered short-range ordered, with 853 K appearing to be a reasonable compromise. Note that these
scans also include ﬂuorescence which was not known at this point, and which
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Figure 6.2: In-plane rocking curves over the 1̄ 0 1 position in Ni-25.6 at.%
Pt(111) for diﬀerent temperatures.

somewhat changes the interpretation of the curves with respect to the degree of
order.
The information that still can be extracted from the data in such a case will
be treated in this appendix. Additional input is required, provided by the bulk
measurement on Ni-25.6 at.% Pt (Sect. 5.4). Also, the conclusions will be further
limited to a cubic isotropic arrangement, since an evaluation based on tetragonal
symmetry misses a suﬃcient number of positions.
Firstly, the data were evaluated as described in Sect. 4.2.2 and 4.2.3, also
accounting for a constant ﬂuorescence “background”. In addition, the data were
smoothed prior to ﬁtting in the same way as it was performed on the separated
displacement scattering data of the bulk measurements (also with  = 0.15 r.l.u.,
Sect. 5.4.2). An amount of ﬂuorescence intensity was assumed and subtracted
such that the calibration gave an overall average short-range order scattering of
one L.u. (α000 = 1), using a B value in the total Debye-Waller factor being
in the order of magnitude of that found for the calibration of the Ni-23.2 at.%
Pt(110) data, and a calibration factor in the estimated range of 1.6 to 2.5 (see
Sect. 4.2.3). The sharp diﬀuse maxima were taken out of the data prior to
ﬁtting, including positions within a distance of  = 0.3 r.l.u. around them. The
ﬁtting was performed using ﬁve αlmn , ﬁve γx,lmn , and one parameter of quadratic
displacement scattering. Then, a ﬁtting quality of R ≈ 26% was achieved with
B = 2.6 × 10−2 nm2 , a calibration factor of 2.2, and a ﬂuorescence abundance
making up about 90% of the measured intensity. In this case, the diﬀuse maxima
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Table 6.1: Eﬀective static atomic displacements γx,lmn in the near-surface region
of Ni-25.6 at.% Pt(111) and in the bulk from a GC evaluation of a measurement
on Ni-25.6 at.% Pt, given in units of the lattice parameter a.
lmn

γx,lmn

γx,lmn (GC)

Ni-25.6 at.% Pt(111) Ni-25.6 at.% Pt
near-surface

bulk

110

-0.036(4)

-0.049(1)

200

0.040(8)

0.034(7)

211

0.001(5)

0.000(2)

121

0.004(3)

0.001(1)

220

-0.002(4)

-0.002(2)

were found to be 12 L.u. in height.
With the diﬀuse maxima taken out of the data, the ﬁtting mainly comprises
displacement scattering, while the short-range order scattering can not be further evaluated at this stage. The eﬀective static atomic displacements are given
in Table 6.1, together with those from the BS evaluation of the bulk measurement
on Ni-25.6 at.% Pt. Note the good agreement between the bulk and near-surface
eﬀective displacements within one to two standard deviations, which is to be
expected since the close-packed (1 1 1) planes show very weak interplanar relaxation [40]. This result supports the calibration, which was hampered by the
presence of ﬂuorescence.
To estimate the local atomic conﬁguration in the present state, one might consider a formal long-range order parameter as it was done in the investigation of
NiPt3 (Sect. 5.2). By using the deﬁnition of Eq. (4.10) with the integrated intensities of the “superstructure reﬂection” in Fig. 6.2 at 853 K, and the corresponding
fundamental reﬂection as it was scanned at the same temperature for the setup
of the transformation matrix between detector angles and reciprocal coordinates,
this gives a “ratio” parameter η of 0.09(1), indicating that no long-range order is
present (see also the width of the diﬀuse maxima in Fig. 6.2).
An approach to the local atomic conﬁguration in Ni-25.6 at.% Pt(111) makes
use of additional input information provided by the bulk measurement on the the
sample with the same composition; using the eﬀective pair interaction parameters
in Table 5.12, Monte Carlo (MC) simulations may be performed to reproduce the
situation in the present case in terms of a parameter that is yet to be identiﬁed.
First, a comment shall be made concerning absolute temperatures as input for
the MC simulations. As the order-disorder transition temperature, found by MC
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Figure 6.3: Recalculated short-range order scattering of Ni-25.6 at.% Pt(111),
corresponding to a state 20 K above the order-disorder transition temperature;
the data set for ﬁtting is based on the experimental data and on a MC simulation.

simulations using the EPI parameters of the bulk, is diﬀerent from the experimental bulk value, only relative deviations oﬀ the transition temperature are
important. Thus, in the following, relative temperatures ΔT , i.e. with respect
to the nominal order-disorder transition temperature, will be given. Also, the
full width at half maximum of the superstructure reﬂection will be used for the
parametrization of the situation of local order.
The diﬀuse maximum in Fig. 6.2 at 853 K has a FWHM of about 10.5(5)◦ ,
considering a ﬂuorescence background of 500 counts in this case. This corresponds
to 0.26(1) r.l.u. The fundamental reﬂection, 2̄ 0 2, showed a FWHM of 1.10(5)◦ ,
i.e. of 0.050(2) r.l.u. After deconvolution, the FWHM of the diﬀuse maxima yields
0.255(10) r.l.u., which corresponds to a deviation within the read-out error.
Then, performing MC simulations with the EPI parameters from the bulk
measurement, such a FWHM was found to be reproduced for ΔT = 20 K. Using
calculated intensities in a distance of  = 0.3 r.l.u. around 1 0 0-type of positions
on a grid of 0.01 r.l.u., it was possible to produce a short-range order scattering
pattern with a minimized overshooting around the diﬀuse maxima. Fig. 6.3
illustrates the result obtained by a set of 200 Warren-Cowley short-range order
parameters, of which the ﬁrst ten are given in Table 6.2. Expectedly, the maxima
are higher than found by the experiment. The absolute value has to be taken
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with care, unless detailed deconvolution of the experimental intensities is done,
and unless a closer grid of experimental data is available to ﬁx ΔT with higher
precision.
Table 6.2: Warren-Cowley short-range order parameters αlmn for Ni-25.6 at.%
Pt(111), as determined by an analysis of next-neighbor conﬁgurations of a crystal
modeled with MC simulations using the EPI parameters from the bulk measurement on Ni-25.6 at.% Pt.
lmn

αlmn

110

−0.1280(1)

200

0.1467(1)

211

−0.0345(1)

220

0.1580(1)

310

−0.0500(1)

222

0.1036(1)

321

−0.0332(0)

400

0.0853(1)

330

−0.0378(1)

411

−0.0013(1)
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