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Abstract

In recent years, it became clear that intermetallic compounds may be superior in
heterogeneous catalysis compared to commonly used catalysts, such as catalyti-
cally active elements or substitutional alloys, since intermetallics may combine high
activity, selectivity and lifetime [Il 2]. They outmatch active elements like noble
metals due to their sheer number of available compounds. According to the active-
site isolation concept, substitutional alloys may show higher selectivity compared
to catalysts of the pure active elements due to geometrically isolated active sites
[3]. However, since substitutional alloys have no site preference in their structure
they allow diffusion and segregation under operation conditions, eliminating their
advantage towards elements during operation and restricting their life time [4]. In-
termetallic compounds have defined atomic positions and therefore do not allow
segregation. This makes them long term-stable, highly selective heterogeneous cat-
alysts [I, 2]. Intermetallic compounds in the binary Ga-Pd system have been shown
to be excellent catalysts for the semi-hydrogenation of acetylene [Il,[5H9]. The phases
GaPd and GaPd; have already been grown as centimeter-sized single crystals and
studied in detail [I0HI7]. Furthermore, the phases GaPd, and SnPds (sharing the
space group Pnma) form the solid solution Ga;_,Sn,Pds, which has already been
investigated regarding its catalytic properties [I8, [19]. It was found that the activity
for the semi-hydrogenation of acetylene changes significantly with Sn substituting
Ga, and has a maximum at the composition x = 0.28. The good selectivity is not
affected by this substitution [I9]. The substitution of Ga from the 3rd main group
by Sn with four valence electrons, without an accompanying structure change of the
solid solution, thus allows to distinguish electronic and structural effects on the cat-
alytic properties. Due to its industrial importance as a decisive purification step in
the production of polyethylene, the semi-hydrogenation of acetylene is a well suited
model reaction of high interest [20].

In order to study these catalytic effects, or even to identify the active sites, surface
calculations need to be compared with catalytic measurements. Since only single-
crystalline surfaces can be calculated, large enough, well-oriented single-crystalline
surfaces are necessary for experimental comparison. To grow single crystals of suffi-
cient size, the present study investigates solid-liquid equilibria of the solid solution
Ga; ,Sn,Pds. It was found that Ga; ,Sn,Pds can be grown from high-temperature
solutions where up to 60 at.% of Ga can be replaced by Sn. At higher Sn contents
an equilibrium between the solid and the liquid does not exist, and thus crystal
growth from the liquid phase is not possible. In the crystals, grown from (Ga,Sn)-
rich solutions, up to z,,.. = 0.54 of Ga can be substituted by Sn. For the single
crystal growth the Czochralski method [21] proved to be a well-suited method and
crystals, several cm? in size, weighing up to 18 g were grown successfully. In order
to cover the interesting compositions for catalytic investigations the compositions



Abstract v

x = 0.08, 0.18, 0.29 and 0.40 were grown [19]. The resulting crystals have been in-
vestigated in detail regarding their chemical composition, their structure and their
“real” structure. Single crystalline surfaces with orientations parallel to the (100),
(010), (001), (210) and (013) planes with at least 10 mm? have been prepared and
proper polishing conditions for the surfaces have been established. They are recently
investigated under industry-close conditions on a so called fixed-bed reactor [22].

In an additional chapter the single crystal growth of GazPds; from Ga-rich solu-
tion using the Czochralski technique is described for the first time. A single crystal
with a mass of more than 3 g could be obtained despite of the narrow temperature
window of the solid/liquid equilibrium (1030°C > T > 980°C) in the binary Ga-Pd
system [23]. The grown crystal shows a strong anisotropic growth morphology with
extended {010} faces which is different from results with structurally related phases,
such as GaPd, [1], 11], 24]. Structure analyses using X-ray powder and single crystal
diffraction correspond to the known structure model of GagPds in the space group
Pbam [25]. Tiny effects found in thermal analysis led to further investigations of the
grown crystal. Ongoing studies by X-ray diffraction, SEM and TEM examinations
revealed the presence of coherent precipitates of GaPd (P2,3) in annealed samples,
indicating a retrograde solubility of Ga in GazPds; at lower temperatures. The crys-
tal growth process, structural details and ongoing studies on the thermodynamic
stability of GagPds are reported.



Zusammenfassung

In den letzten Jahren zeigte sich, dass in der heterogenen Katalyse intermetallische
Phasen Vorteile gegeniiber den klassischen Katalysatoren, wie katalytisch aktive Ele-
mente oder Substitutionslegierungen, haben, weil sie oft wichtige Qualitatskriterien
eine Katalysators, wie hohe Aktivitét, Selektivitdt und Lebensdauer, vereinen. [I},2].
Reinen aktiven Elementen, wie Edelmetallen, sind sie aufgrund der Anzahl an Kom-
binationsmoglichkeiten von zwei oder mehr Elementen tiberlegen, weil sich dadurch
neue, teils bessere Eigenschaften ergeben. Legierungen und intermetallische Phasen
erfiillen das Konzept der “Isolierten aktiven Zentren”, woraus geometrisch bedingt
eine hohere Selektivitét als bei aktiven Elementen resultiert [3]. Dabei haben inter-
metallische Phasen den Vorteil, dass ihre Struktur durch feste Platze im Atomgitter
definiert ist, wahrend bei Legierungen unter industriellen Reaktionsbedingungen Dif-
fusion und Segregation auftritt. Dabei geht ihr Vorteil gegeniiber reinen Elementen
verloren und ihre Lebensdauer wird einschrankt [4]. Die dauerhafte Isolation der
aktiven Zentren durch definierte Gitterplatze macht intermetallische Phasen deshalb
zu langzeitstabilen, hoch selektiven heterogenen Katalysatoren [, [2].

Intermetallische Phasen im bindren Ga-Pd-System haben sich dabei als her-
vorragende Katalysatoren fiir die Semihydrierung von Acetylen erwiesen [1l [B5-
9]. Die Phasen GaPd und GaPdy wurden deshalb bereits als Einkristalle in der
Groflenordnung von mehreren Kubikzentimetern geziichtet und eingehend auf ihre
katalytischen und strukturellen Eigenschaften untersucht [10-H17]. AuBerdem bilden
die isostrukturellen Phasen GaPd; und SnPd, die liickenlose Mischkristallreihe
Ga; ,Sn,Pds (Raumgruppe Pnma), bei der bereits katalytische Untersuchungen
durchgefiithrt wurden [I8, 19]. Dabei wurde festgestellt, dass sich die Aktivitét fir
die Semihydrierung von Acetylen mit der Substitution von Ga durch Sn signifikant
andert und ein Maximum bei der Zusammensetzung x = 0,28 auftritt. Die gute
Selektivitédt wird dabei nicht beeintrachtigt [19]. Die Substitution von Ga aus der 3.
Hauptgruppe durch Sn mit vier Valenzelektronen, bei gleichbleibender Struktur des
Mischkristalls, erlaubt somit, elektronische und strukturelle Effekte auf die kataly-
tischen Eigenschaften getrennt voneinander betrachten zu kénnen. Aufgrund der
industriellen Bedeutung als entscheidender Reinigungsschritt bei der Herstellung
von Polyethylen ist die Semihydrierung von Acetylen eine vielversprechende Mo-
dellreaktion fiir katalytische Untersuchungen an der Mischkristallreihe Ga; ,Sn,Pd,
[20].

Um die katalytischen Vorgange zu verstehen oder sogar die aktiven Zen-
tren zu identifizieren, miissen Oberflichenberechnungen mit katalytischen Mes-
sungen verglichen werden. Da nur einkristalline Oberflaichen berechnet werden
kénnen, sind ausreichend grofle, gut orientierte einkristalline Oberflachen in der
Groflenordnung von mehreren Quadratmillimetern bis zu wenigen Quadratzentime-
tern flir den experimentellen Vergleich erforderlich. Um die notigen Information
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fiir die Ziichtung solcher Einkristalle zu erlangen, wurden in der vorliegenden Ar-
beit die Fest-Fliissig-Gleichgewichte der Mischkristallreihe Ga; ,Sn,Pds untersucht.
Ga;_,Sn,Pds kann aus Hochtemperaturlosungen geziichtet werden, bei denen bis
zu 60 at.% Ga durch Sn ersetzt wurden. Bei hoheren Sn-Anteilen existiert kein
Gleichgewicht zwischen der fliilssigen Phase und dem Mischkristall Ga;_,Sn,Pds,
weshalb Einkristallziichtung nicht méglich ist. In den Kristallen, die aus (Ga,Sn)-
reichen Losungen geziichtet werden, kann bis zu x,,,, = 0,54 Ga durch Sn ersetzt
werden. Fir die Einkristallziichtung hat sich die Czochralski-Methode [21] als gut
geeignet erwiesen, und es wurden erfolgreich Kristalle mit einer Grofle von bis zu
mehreren Kubikzentimetern und einem Gewicht von bis zu 18 g gezogen. Um die
fiir die katalytische Untersuchungen interessanten Zusammensetzungen abzudecken,
wurden Zusammensetzungen mit x = 0,08, 0,18, 0,29 und 0,40 geziichtet [19]. Es
wurden einkristalline Oberflichen mit Orientierungen (100), (010), (001), (210) und
(013) mit mindestens 10 mm? hergestellt und geeignete Polierbedingungen fiir die
Oberflachen erarbeitet. Diese werden aktuell unter industrienahen Bedingungen in
einem Festbettreaktor untersucht [22]. Auferdem werden Untersuchungen an den
Kristallen hinsichtlich ihrer chemischen Zusammensetzung, ihrer Struktur und ihrer
Realstruktur vorgestellt.

In einem weiteren Kapitel wird erstmals die Einkristallziichtung von GasPds
aus Ga-reicher Losung mit der Czochralski-Technik beschrieben. Trotz des en-
gen Fensters in dem die Phase mit der Schmelze im im Gleichgewicht ist (1030°C
> T > 980°C [23]), konnte ein Einkristall mit einer Masse von mehr als 3 g
geziichtet werden. Der Kristall zeigt eine stark anisotrope Wachstumsmorpholo-
gie mit ausgepragten {010}-Facetten, die sich von der Morphologie strukturell ver-
wandter Phasen, wie GaPdy, deutlich unterscheidet [I} 1], 24].

Die Strukturanalyse und Verfeinerung mittels Rontgenpulver- und Einkristall-
diffraktometrie bestatigen die bereits publizierte Struktur von GazPds; mit der
Raumgruppe Pbam [25]. Unregelméfigkeiten, die bei der thermischen Analyse fest-
gestellt wurden, fithrten zu weiteren Untersuchungen des Kristalls. Laufende Unter-
suchungen mittels Rontgenbeugung, Raster- und Transmissionselektronenmikroskop
weisen auf eine ausgepréagte retrograde Loslichkeit von Ga in GagPd; bei ab-
nehmenden Temperaturen hin. Es werden der Ziichtungsprozess, strukturelle Details
und laufende Studien zur thermodynamischen Stabilitdt von GazPds vorgestellt.
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Important hints

1.

It is important to define a notation for the phases and the initial starting
melts: The crystals are described as A,, ,B,C,,. The formula means that B

substitutes A while C has an independent mole fraction. z = %.

. The starting melts are written in (A;_x, B, )100-y,Cy,. Here and also later

in the solid A substitutes B while C is independent. In order to distinguish
xr, and yy, clearly in the text, x is expressed in decimal numbers and y;, in
atomic percent.

. In some cases different phases appear where the same elements substitute each

other. For example Ga; ,Sn,Pd and Sn; ,Ga,Pd. In such cases the order of
the elements defines the phase. e. g., Ga; ,Sn,Pd refers to the Sn substitution
of Ga in the cubic phase GaPd while Sn; ,Ga,Pd refers to the Ga substitution
of Sn in the orthorhombic phase SnPd (tab. [L1]).

. In some phases it was possible to determine x in the solid from the lattice

parameters measured by X-ray powder diffraction. In such a case, it is written
Txpp. The detailed determination process is described in the results.

Since some structures have been published in references with different setups,
the setup used here always corresponds to the setup of the phases in tab. [I.1]

. When peaks of DTA curves are discussed, the term “onset” describes the start-

ing point of a signal measured chronologically earlier and “endset” describes
the final point of a thermal effect, chronologically later. This is independent of
whether or not thermal effects were measured upon heating or cooling. This
nomenclature is different from the NETZSCH software.

So called “tie-lines” connect the composition of the melt with the solid being
in equilibrium with it.



Chapter 1

Introduction

1.1 Project overview

This thesis is part of a DFG-funded project on basic research in heterogeneous catal-
ysis. It is aimed to prepare single-crystalline samples of a few cm? in size in order
to enable studies to distinguish structural and electronic effects in intermetallic cat-
alysts. The need of single-crystalline samples of this size results from the approach
of comparing surface energy calculations with catalytic measurements on surfaces
of the catalyst. Poly-crystalline surfaces do not allow ab initio surface energy cal-
culations while single-crystalline models do. Therefore, the large specific surfaces
that powders provide for precise catalytic measurements, have to be overcome by
measurements on large single-crystalline areas, typically in the range of 1 cm?. Fur-
thermore, when catalytic properties need to be understood, single crystals allow
investigations on specific crystallographic orientations which powders do not. The
project is mainly based on the solid solution series Ga;_,Sn,Pds as model catalyst.
While the structure of the solid solution does not change by substituting Ga by Sn,
the catalytic properties do change with the electronic state. That allows to discrim-
inate structural and electronic effects in catalysis. Additionally, the material is a
catalyst for the semi-hydrogenation of acetylene, a very important industrial reac-
tion in the production of polyethylene. The reaction can be easily performed under
industry-close conditions in small scale and therefore, it is a suited model reaction
[22].

1.2 Thread

The thread of this thesis contains three key contents:

The first one are phase diagram studies on the Ga-Pd-Sn system to work out the
required thermodynamic basic information, needed for single crystal growth. This
part concentrates on the (Ga,Sn)-rich side of the liquidus surface of Ga;_,Sn,Pd,.
Some additional relations to the surrounding of the liquidus surface of Ga; ,Sn,Pd,
treated by Dorner, A. ([26-28]) are established additionally.

The second content covers the growth and the characterisation of the single
crystals of Ga; ,Sn,Pds. Also results, that expand on Dorners work on the growth
of Ga; ,Sn,Pd are presented briefly.

The third content are crystal growth and studies on GagPds; displaying new
results on the structure and the thermodynamic stability. This part was added



1.3 Intermetallic compounds in heterogeneous catalysis 2

since several questions on binary GaPd; as a reference material for Ga; ,Sn,Pds
occurred, which are closely related to the precipitation of GazPds in GaPds.

1.3 Intermetallic compounds in heterogeneous
catalysis

Heterogeneous catalysis in the common sense means that the catalyst is in the solid
state, while the reactants are gaseous and/or liquidE]. The importance of heteroge-
neous catalysis increased dramatically since the beginning of the last century and
today more than 85 % of the large-scale chemical-technical processes run with solid
catalysts. Especially since the necessity of environmental and climate protection and
sustainable energy production and resource management has arrived in the heads,
heterogeneous catalysis became a key tool to bring together economical and ecologi-
cal strategies in material conversion industries [29]. Hence, understanding processes
in heterogeneous catalysis is a future-oriented requirement.

It has been found that intermetallic catalysts have advantages towards common
industrial catalysts that are either pure catalytically active elements like noble met-
als or substitutional alloys made from them [I]. To understand the advantages of
intermetallic catalysts one needs to know three variables that define the catalyst’s
performance. These are the activity, the selectivity and the lifetime. The activity de-
scribes the increase of reaction velocity of one or more catalytic reactions compared
to the same reaction without a catalyst. The selectivity of the catalyst describes its
ability to favour only one desired reaction and to suppress the formation of unwanted
by-products. The lifetime describes the time the catalyst is stable under operating
conditions until it needs to be exchanged or renewed. A high-performance cata-
lyst has high activity, high selectivity and high lifetime [30]. The highest activity
can be expected from pure elements, mostly noble metals. However, according to
the active-site isolation concept, catalysts with their active sites being spatially iso-
lated by non-active elements may have better selectivity [3]. This is, because for a
heterogeneous catalyst, there are two effects reasonable, the ligand effect and the
structural (or geometric) effect. The first one describes the electronic structure of
the material, the second one the atoms’ arrangement [2]. Accordingly, in multi-atom
materials different structures and arrangements, compared to the elemental mate-
rial may influence the catalytic properties dramatically. This is shown in fig. [1.1]
by the example of the semi-hydrogenation of acetylene on an elemental Pd catalyst
and on a catalyst where the Pd atoms are well isolated by non-active elements.
Due to increased interatomic distances of the isolated Pd atoms, only weak m-bonds
between the active atoms and the acetylene molecules are possible, leading to a se-
lective semi-hydrogenation to ethylene. On the elemental Pd, stronger di-o-bonded
acetylene may be directly hydrogenated to ethane or carbonaceous deposits, C4H,
.

Substitutional alloys in the first instance meet the active site isolation concept.
Nevertheless, since there is no site preference of the atoms, under operation condi-
tions temperature diffusion and segregation is a key problem, leading to a restricted
lifetime [4]. This is not the case in intermetallic phases that are characterized by

'In the last few years also liquid metal films came up as heterogeneous catalysts.
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H H

\C=C/ H—C= C—H

nCZHZ + mHZ g C2nH2n+2m C2H2 + H2 . C2H4

Figure 1.1: Catalytic reaction of CoHy and Hy on the surface of a) a non-isolated
Pd catalyst and b) a catalyst with well isolated Pd atoms. Drawn after [I] and [31].
Non-selective reaction from [6].

well defined atomic sites, allowing almost no diffusion and segregation. Several in-
termetallic catalysts therefore have come in the focus of research since they may
combine high activity, selectivity and lifetime [I} 2].

Amongst these intermetallic catalysts especially phases of the Ga-Pd system have
proofed to be highly suited for the semi-hydrogenation of acetylene [T, 5H9]. The
importance of the semi-hydrogenation of acetylene (fig. , b) is due to acetylene
being a catalyst poison that has to be removed from the ethylene feedstock before
the polymerisation to polyethylene. In the ethylene flow, after cracking, there are
0.5—2 % of acetylene that need to be lowered to the one-digit ppm regime, because
otherwise acetylene-derived oligomers and polymers block the active sites on the
Ziegeler-Natta catalysts, lowering their activity significantly [20, 32]. During the
semi-hydrogenation of acetylene high selectivity towards ethylene is required since (i)
direct hydrogenation to ethane or further hydrogenation of ethylene is economically
intolerable and (ii) oligomerization and resulting carbonaceous deposits lead to the
deactivation of the catalyst [I}, 32, [33]. Hence, since Ga-Pd catalysts meet those high
requirements with respect to selectivity and also activity and long-term stability the
phases GaPd and GaPd; have been studied in detail and have already been grown
in cm®-sized crystals for this purpose [I0-17]. These studies aimed to understand
where the active centres for the catalytic reactions in the structure of the material
are, by analysing specific crystallographic surfaces. So far, these centres or active
sites, respectively, could not be understood completely.

1.4 Solid solutions by substitution of Ga by Sn in
Ga-Pd phases

Trying to understand and to improve intermetallic catalysts, besides the geometric
effect also the ligand effect needs to be taken into account. In most systems both ef-
fects are closely connected, making separate conclusions difficult. In order to isolate
structural and electronic effects in catalysts, comparisons between the phases GaPd
and GaPdsy and isostructural compounds from the systems In-Pd and Al-Pd are al-
ready present. These studies reveal that InPd and InPds do not show any difference
in the catalytic behaviour compared to the Ga-Pd compounds. AlPd, has far lower
selectivity that cannot be explained by intrinsic properties, but by the formation
of a hydrate on the surface and therefore by geometrical effects [34, 35]. Accepting
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Figure 1.2: Behaviour of the activity and the selectivity of Ga; ,Sn,Pdy with chang-
ing Sn substitution for Ga, measured on powders prepared by solid-state synthesis,
drawn after [19]. x refers to Ga; ,Sn,Pds.

these results, a different approach is necessary. One may be substituting electrons,
i.e. replacing atoms from the structure by atoms of the neighbouring groups in the
periodic table. Unfortunately, in most cases structural changes and transitions to
different phases occur. Nevertheless, the numerous amount of intermetallics implies
a variety of isostructural compounds with different electronic states that allow to
address the ligand effect [2]. The compound Ga; ,Sn,Pd; is such a new approach
to discriminate electronic and structural effects. It proved to be very suitable due
to several advantages compared to a Ga substitution by elements from the same
period:

1. The catalytic properties are influenced by the substitution of Ga by Sn and
weak changes in the Ga-Sn ratio cause significant changes in the catalytic
behaviour (fig. . While the selectivity of the catalyst remains unchanged,
the activity of Ga; ,Sn,Pds has an optimum when 30 % of Ga is substituted
by Sn (z = 0.3) [19]. The activity at x = 0.3 doubles compared to = 0 and
x = 0.5. Higher substitutions are not interesting from the catalytic point of
view.

2. Still the two end members of the solid solution, GaPds and SnPd,, are isostruc-

tural (tab. and show total miscibility [18§].

3. Compared to Ge, as the group IV neighbour of Ga in the periodic table,
the difference in the atomic number between Ga and Sn is large enough to
distinguish the two atoms in X-ray diffraction. That allows to understand the
integration of Sn in the unit cell.

Summarizing, changing the electronic structure by incorporation of Sn, with
an additional valence electron, results in a change of the catalytic properties but
no change in the structure. Hence, the catalytic influence of the electronic state is
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Structure | Pearson | Space Lattice parameter [A]

Phase type symbol | group a b c Ref.

GaPd, | CoySi oP12 | Pnma | 5.4829(8) | 4.0560(4) | 7.7863(8) | [36]

SuPd, | CosSi | oP12 | Pnma | 5.6505(8) | 4.3125(7) | 8.097(1) | [19]

GaPd |  FeSi cP8 | P2,3 | 4.89695(6) 2]

SuPd | MnP oPS | Pnma | 6.1388(4) | 3.89226(3) | 6.3377(4) | [37]

Table 1.1: Published crystal structure data of relevant phases, with respect to the
solid solutions Ga;_,Sn,Pd, and Ga;_,Sn,Pd.

uncoupled from the structure, making the solid solution Ga; ,Sn,Pds a highly inter-
esting research object in order to understand the catalytic behaviour of intermetallic
phases. Powdered or polycrystalline samples are relatively easy to synthesize and
give precise information on the average catalytic properties of the material. Still,
they have the disadvantage that always many crystallographic planes are exposed
during experiments and the information is always an average of all participating sur-
faces (hkl). This does not allow comparisons with surface-scientific investigations
and surface calculations on specific surfaces. Therefore, catalytic effects cannot be
associated with specific crystallographic surfaces. The active sites of most catalytic
materials can therefore usually not be identified [22]. Conversely, surface investiga-
tions on single crystals in combination with quantum chemical calculations, in order
to understand the ongoing processes, are a powerful tool [2]. The possibility to test
single crystals catalytically under industry-close conditions in reactors has already
been tested [22]. Still the high surface area that is provided by powders needs to be
overcome by a large enough surface, when using single-crystalline slabs. This can
only be achieved by well advanced crystal growth techniques, providing inclusion
free, oriented single crystals of several cm? in size. The reported growth of single
crystals of the Ga-Pd system and the unique possibility of experimental observation
qualifies the Czochralski technique as preferred method for single crystal growth in
the Ga-Pd-Sn system as well. The focus of this research is the single crystal growth
of Ga;_,Sn,Pd,. For that it is necessary to investigate the Ga-Pd-Sn phase diagram,
with respect to the feasibility of growing the desired compositions from the liquid
phase and the corresponding growth parameter.

When discussing electron doping of GaPd; by Sn, Ge as the neighbour of Ga can-
not be ignored. Here no pretests concerning its catalytic properties are present. For
the primary crystallisation region and the range of the miscibility of Ga; ,Ge,Pd,
first results have been published by Piischel (2020) [38]. However, the vast dis-
advantage of substituting Ga by Ge compared to the substitution of Ga by Sn is
the difficulty to distinguish Ga and Ge by X-ray methods. Accordingly, statements
about the distribution of the Ga and Ge atoms in the unit cell are almost im-
possible and accordingly the solid solution Ga; ,Ge,Pdy of minor importance for
understanding catalysts.

GaPd was proved to be a highly selective long-term stable catalyst for the semi-
hydrogenation of acetylene [I3], similar to GaPd,. Accordingly, the partial sub-
stitution of Ga by Sn in GaPd may also be a powerful approach to discriminate
electronic and structural effects in the catalyst. Despite, here also no catalytic
pretests are present, however information about the primary crystallisation region
of Ga;_,Sn,Pd have been made within the context of the present project [26, 27].
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Regarding the structures of SnPd and GaPd the two phases do not form a total
solid solution in contrast to Ga; ,Sn,Pds [12 B7]. Hence, total miscibility can be
excluded, but a partial solid solution may be enough for uncoupling structural and
electronic effects and to study the materials in this context. For example, regarding
Gay_,Sn,Pds, according to [19] a substitution of 40 % would be enough to gain
samples with the maximum selectivity and also samples with higher and lower Sn
substitution before and after the peak with maximum selectivity (fig. . Hence,
no total solid solution is needed for proper studies on the effect of the Ga substitution
by Sn.
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Figure 1.3: Important section of the Ga-Pd phase diagram. Drawn after [23].

According to the well accepted Ga-Pd phase diagram, GaPd and GaPd, both can
be crystallized either congruently from melt or incongruently from high-temperature
solutions (fig. [23]. However, regarding the Sn-Pd phase diagram, SnPd, has
no equilibrium with a liquid phase but is formed by a peritectoid decomposition
(fig. |1.4) [39]. Accordingly, for Ga; ,Sn,Pds it has to be expected that only a
partial substitution of Ga by Sn can be achieved by crystal growth from the lig-
uid phase. Consequently, the substitution limits that are expected are structural
for Ga; ,Sn,Pd and a vanishing equilibrium of solid and liquid for Ga; ,Sn,Pd,.
The presence of these limits is aggravated by the fact that only minor informa-
tion concerning the ternary phase diagram is present. Only a 500°C isothermal
section is published from the Ga-Pd-Sn system [I8] and shown in fig. [L.5 It can
be seen that amongst the phases listed in tab. [I.I] there is also a ternary phase,
GagypteSny,Pdyg, present in the vicinity of Ga;_,Sn,Pd, (tab. [40]. Further-
more, fig. [L.5] shows the total miscibility of GaPd,y and SnPd, at 500°C and further
studies in this context confirmed the validity of the total miscibility also at room
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temperature [18§].
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Figure 1.4: Important section of the Pd-Sn phase diagram. Drawn after [39].

All binary phase diagrams of the Ga-Pd-Sn system are known [23] [39, [41], how-
ever information regarding the liquidus surface of the ternary system with respect
to crystal growth are unknown and can only be found experimentally since unknown
high-temperature phases are present in the system and accordingly phase diagram
calculations are not possible.
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Figure 1.5: Isothermal section of the Ga-Pd-Sn Gibbs triangle at 500°C, in the
vicinity of the Pd-poor side of Ga; ,Sn,Pdsy. Yellow fields are the stability regions
of the phases and orange lines are the 500°C tie—trianglesﬂ. Drawn after [18].

2Tie-triangles connect the three phases that are in equilibrium [42].



Chapter 2

Methods

2.1 Studies on the Ga-Pd-Sn system

2.1.1 Sample preparation

To avoid large specific surfaces the starting materials for the melts were synthesized
from pieces of pure elements only. In order to remove traces of impurities from
the surfaces (e.g. from cutting), the Pd bars (3N5 grade, Degussa) were etched
wet-chemically in an ultrasonic bath using aqua regia. To remove traces of the acid
the pieces were cleaned in distilled water in three steps, where the last one was
performed in an ultrasonic bath. Water traces were removed in two washing-steps
of technical acetone and a final step of acetone p.a. in the ultrasonic bath. The
Ga granules (5N grade, ChemPur) and the Sn granules (5N grade, Spurenmetalle
Freiberg) received no further treatment for the phase diagram studies. The elements
were placed either in an alumina crucible (Alsint 99.7, Haldenwanger) and then in
a silica glass ampoule or directly in a pyrolytically graphitised silica glass ampoule.
The ampoules were evacuated to high vacuum for oxygen-free conditions, filled with
about 200 mbar Ar (5N grade) in order to achieve ambient pressure at operation
conditions and then fused. Since temperatures will later be higher than 1220°C,
which is close to the glass transition temperature of silica glass, a pressure close
to ambient pressure must be ensured at temperatures that high, in order to avoid
deformation of the ampoules. Then the fused silica glass ampoules were placed in a
RF heater. The aim was to dissolve Pd in the (Ga, Sn)-rich solution while mixing
strongly, to assure a homogeneous liquid. Slow heating was necessary since strong
exothermic reactions between Ga and Pd can be observed, leading to the cracking of
alumina crucibles or to spalling off the pyrolytic graphite layer. After heating, the
synthesis was kept at high temperature for about one hour to ensure total mixing.
By switching off the power of the RF generator, the synthesis was quenched to a
fine-grained ingot, that can easily be dissolved later without stirring.

2.1.2 Equilibrium-cooling experiments

The absence of thermodynamic information on several binary phases of the two
ternary phase diagrams and all ternary phases makes experimental investigations on
the ternary systems necessary. Since Pd is expensive, the main conditions for these
phase diagram studies are that a low Pd mass must be sufficient and the experimental
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time should be as low as possible. Quenching is a frequently used approach in former
comparable works, but the information on the crystallization path is relatively poor.
Therefore, to understand the spatial order of the crystallization paths, Bridgman
experiments were performed here. Those were carried out in alumina crucibles
with 7 mm inner diameter, fused in silica glass ampoules, with melt masses of
typically around 10 g. Besides the relatively high amounts of necessary Pd (which
is unfavourable due to its high price) the high crucible diameter led to ingot heights
of less than 12 mm, resulting in a very low thermal gradient. Thinner diameters
were not possible, since the pieces of the elements can separate due to their surface
tension during heating into droplets, sticking to the rough alumina crucible wall,
preventing mixing of the melt. The low thermal gradient made the main principle
of a Bridgman experiment, i.e. a thermal gradient in the crucible, worthless. Still,
it was possible to reproduce the crystallization path in such experiments. In order
to reduce the starting mass of Pd, an approach was to use lower amounts in a
smaller alumina crucible with 6 mm inner diameter. Since the thermal gradient is
minimal in such small amounts of melt anyway (typically 2 g), these experiments
are carried out in muffle furnaces by slow cooling. In order to further improve these
experiments, the alumina crucible was replaced by a thin layer of graphite in the
silica glass ampoule (7 mm inner diameter). Pyrolytic graphite layer reduce the
wetting of the metallic melt to the ampoule to a minimum and accordingly sticking
of melt droplets to the ampoule wall can be excluded [43]. Furthermore, the silica
glass ampoules can be shaped before graphitising, for example with a tip at the
bottom. Examples for the ampoules are shown in fig. 2.1 The total mass from
which it was possible to extract valuable information was 0.5-1 g. This was taken
as the standard setup for the phase diagram studies. Those equilibrium-cooling
experiments were heated in muffle furnaces in charges of 3-6 ampoules, kept at high
temperatures for 12 h to assure proper melting and then were cooled with 1-2 K /h
to temperatures where everything is solidified.

An exception was the quenching of few special experiments after a certain time
of equilibrium-cooling at specific temperatures, taken from the DTA curves. The
purposes of these quenching experiments were either to get a better evidence which
phase crystallized first, to clarify if solid-solid phase transitions occurred or to pre-
serve a high temperature phase to room temperature. For quenching, flowing water
or liquid nitrogen were used.

After the ampoules were cracked, the small solid droplets were cut into sections
for further investigations. Cutting was carried out through the sample centre, paral-
lel to the vertical axis of the sample during cooling. Early experiments revealed that
usually the earlier crystallized material is at lower positions of the droplet causing
a chronological order along the experiments vertical axis. Accordingly, if the sam-
ples are cut in a plane that is localized in the experiments axis, each part contains
approximately the same composition, i.e. the same crystallization sequence. The
compositions of the starting charges as well as the resulting first-to-freeze phases are
summarized in tab. in the appendix.

2.1.3 Directional solidification experiments

The equilibrium-cooling experiments, described above, were in most cases suitable
to get the majority of information regarding a certain composition. Still in some
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Figure 2.1: a) Pyrolytically graphitised ampoules in which the equilibrium cooling
experiments were carried out. b) Pyrolytically graphitised ampoules for Bridgman
experiments. ¢) Ampoules in the muffle furnace standing on a silica base in order to
keep the ampoules off the refractory of the furnace to avoid damages of the ampoules
at temperatures higher than 1200°C.

cases the time sequence of a crystallization path may be difficult to interpret. In
such cases Bridgman experiments can be carried out, additionally. For these, the
starting material is synthesized in a graphitised fused silica ampoule, exactly as
described above. After the synthesis in the RF generator the ingot of typically
around 5 g was crushed and then filled in a graphitised silica glass ampoule with 5
mm inner diameter (fig. b). The ampoule was evacuated to high vacuum, then
filled with around 200 mbar Ar (5N grade) and fused. The ampoules were placed in
a Bridgman furnace, overheated and then lowered at constant temperature profile
depending on the expected solidus of the specific composition with a rate of 3.5
mm/d, corresponding to a cooling rate of 1.5 K/h. The ingot of such a Bridgman
experiment was 35—40 mm in length.

2.2 Czochralski growth of single crystals

2.2.1 Experimental preparation

For the Czochralski experiments the Pd was treated as described in [section 2.1.1]
Ga and Sn were further treated after weighing, to remove surface oxide layers. Both
were reduced by heating under Hy (5N grade) atmosphere, placed either directly in
the 15 ml synthesis alumina crucible (Alsint 99.7, Haldenwanger) or in a glassy car-
bon crucible. Since Ga and Sn form an eutectic mixture that can be liquid at room
temperature [41], the reduction was carried out separately. Typical melt masses
were in the region of 45—55 g with an accuracy of at least 0.02 at.%. Subsequently,
all elements were loaded in the alumina synthesis crucible, placed in the fully metal
sealed system and after evacuating set under Ar (5N grade) atmosphere. The syn-
thesis with a RF heater was performed as described above. Even short-term storage
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was done under vacuum. The melt ingot was transferred in a 10 ml alumina growth
crucible (Alsint 99.7, Haldenwanger) and placed in the growth apparatus.

2.2.2 Czochralski growth apparatus

The Czochralski apparatus is described in [44] and shown in fig. 2.2 The growth
chamber of the Czochralski apparatus is fully metal sealed by Cu gaskets. The
pulling rod is vacuum tight by a magnetofluid rotary feed-through. The crucible
rotation feed-trough is a magnetic coupling. The translation, i.e the pulling mech-
anism, is placed in a metal bellow seal. The seed is mounted onto a ceramic seed
holder (fig. b) that rotates during growth. A step motor allows very low pulling
rates, below 25 pm/h, which are necessary during incongruent growth from solution
(explanation in chapter 2.2.5). The melt is rotating reverse. Before the growth the
chamber is evacuated to a low 1077 mbar regime and then filled with Ar (5N grade)
so that the pressure later equals ambient pressure at growth temperatures. The
heater is a graphite meander resistance heater. To minimise the control loop and
thermal fluctuations, the thermocouple is placed in contact to the resistance heater.
Therefore, it must be kept in mind that the real temperature in the solution stays
unknown. During homogenization of the melt, ACRI[Y| can be applied to improve
mixing [45]. A viewport with a glass window allows the observation of every step
during the whole process with a stereoscopic microscope. Since no automatic di-
ameter control of the crystal is known for such low pulling rates, the temperature
program can only be adapted based on visual changes and the operator’s judgement.
Unfortunately, with increasing temperatures the melt and the crystal emit thermal
radiation with increasing intensity and decreasing wavelength of the intensity max-
imum, according to the Planck’s radiation law [46]. Therefore, above 1100°C the
growth chamber is that bright that almost no contrast is visible. This problem is
reduced by using shortpass filters that have an absorption edge in the region of
525—550 nm cutting off the most intense wavelengths.

T Accelerated crucible rotation technique is a stirring method by alternating accelerating and
decelerating of the crucible rotation [45].
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T

Figure 2.2: a) Schematic sketch of the growth chamber of the Czochralski apparatus
and b) sketch of the seed holder (Both changed after [44]. c) Image of the whole
apparatus

2.2.3 Growth strategy for the growth of Ga;_,Sn,Pd,

GaPd, can be grown either congruently or incongruentlyﬂ from Ga- or Pd-rich solu-
tions at temperatures below 1310°C in a range between 58.3 to 76.0 at.% Pd [23], 147].
A congruent growth was not suitable for Ga; ,Sn,Pds with a series of different com-
positions (z = 0.1,0.2,0.3,0.4), since in a ternary system the liquidus surface has
only one congruent composition. Therefore, growth will end up incongruently any-
way with a different composition than the only congruently melting one. The aimed
compositions regarding the Sn content have to cover the regions shown in fig. [I.2]
between the onset and the endset of the activity peak caused by Sn. One impor-
tant argument to grow incongruently from solution are lower growth temperatures.
Temperatures exceeding 1200°C on the one hand make pre-experiments significantly
more difficult, leading to the loss of their main purpose to get a large amount of infor-
mation based on a fast, cheap and easy method. On the other hand, the Czochralski
growth gets challenging at temperatures that high. The optical conditions, that are
necessary for visual observation of the growth process get worse and the diameter
control becomes a guessing game. High temperatures at long duration will lead to
a loss of the elements with higher vapour pressures and therefore to shifted and
unknown starting compositions. In this case, a loss of Ga with the higher vapour
pressure is likely. A shift to a Pd-rich solution may even be possible. Therefore,

20ften there is confusion about the terms congruent and incongruent. Congruent crystal
growth means that the crystal and the melt have the same composition. In contrast, incongruent
crystal growth means that the crystal is grown from a solution of different composition than its
own. This is also described as solution growth, since a high melting component (in this case Pd)
is dissolved in a very low melting component (in this case Ga and Sn).
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in these studies the growth from Ga-rich solutions was favourable over congruent
growth. Lowering the growth temperatures can be achieved besides from Ga-rich
solution also from Pd-rich solution. This approach is too risky, since in the binary
Ga-Pd system, GaPd,; grown from Pd-rich solution has a retrograde solubility of Pd
at temperatures below 1000°C, leading to complicated peritectoid decompositions
of the initial phase (fig. [23]. Hence, the only option is a Ga-rich solution. The
growth from solution brings along another underestimated advantage, discussed in
[48,149]. Stable crystal growth needs a limiting factor that ensures a stable diameter
or at least the dampening of changes. In industrial large-scale crystal growth with
growth rates of 10'-10? cm? per minute, the released latent heat from crystallization
is the limiting factor making stable diameter control possible. In the scales of single
crystal growth of intermetallic phases with growth rates sometimes lower than 25
nm/h, the latent heat is neglectable. Nevertheless, Ga as an excess component from
incongruent growth is such a limiting factor and makes the crystal growth slow, but
well controllable. Pd contents in the melt of y;, = 61—62 ] were suitable with growth
temperatures around 1200°C offering still a good yield. Applying the lever rule [50]
in the binary Ga-Pd system results in a crystal mass of 40—55 m.% of the initial melt
mass. Even though this may be different in the ternary system, there is no more
precise approximation yet. The initial Sn content was based on the pre-experiments.
The pseudobinary segregation coefficient £* measured in the pre-experiments was
decisive here. Hence, only starting compositions were used for Czochralski crystal
growth where experimental success was already ensured, concerning the melt com-
position. The pre-experiments revealed that in the case of Sn substitution for Ga
in the region between 0.1 < z < 0.4, k* ~ 1 [26]. Hence, segregation with respect
to the Ga/Sn ratio can be neglected. For proper crystal growth a native seed is the
best option. Since no native seeds for the different Sn or Ge contents were present,
binary GaPd, seeds were suitable, since the lattice mismatch between GaPd, and
Ga; ,Sn,Pds is low. Regarding SnPdy the mismatch of the end members of the
solid solution is 3 % along a, 6 % along b and 4 % along ¢ [36], [51] (tab. [L.1). Since
substitution was planned only up to x < 0.4 it was expected to be even lower, ac-
cording to Vegard’s law [52]. The GaPd, seed crystal was cut oriented in one of the
crystallographic main directions and shaped to a wedge with a 10° opening angle
and a basis of 1.5 - 1.5 mm? (fig. 2.2 b).

2.2.4 Growth strategy for the growth of Ga;_,Sn,Pd

GaPd can also be grown congruently or incongruently from Pd-rich or from Ga-
rich solution at temperatures below 1065°C [10] in a range between 17.5 to 53.5
at.% Pd [23]. In this case the crystallization path on the Pd-rich side reaches an
eutectic point early, lowering the yield on this side. Therefore, also in this case
incongruent growth from Ga-rich solution is the method of choice. Again, lower
temperatures and increased growth stability by Ga excess as a limiting factor were
the decisive arguments against congruent growth. Since no pre-tests were present on
the influence of Sn substitution for Ga on the catalytic behaviour of GaPd, the Sn
content for single crystal growth was chosen with constant increasing substitution
steps to the maximum possible substitution which is z = 0.16 [26]. In contrast
to the Ga; ,Sn,Pdsy solid solution, strong segregation with respect to the Ga/Sn

3 According to the description (Gaj_x, Sny, )100-y, Pdy, -
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ratio with a pseudobinary segregation coefficient of k* ~ 0.3 was revealed in the
Ga; ,Sn,Pd partial solid solution. Accordingly, from solutions with starting Sn
contents of x; = 0.2 and 0.4 crystals with Sn contents of z = 0.06 and 0.12 are
expected. As seed material binary GaPd was used. The lattice parameter mismatch
is reported to be below 1% for the highest possible substitution case and therefore
neglectable for seeding [26]. The seeds were cut as described in but
with the pulling axis either parallel to the [110] or the [111] direction.

2.2.5 Crystal growth process

Before growth can be started, the melt needs to be mixed homogeneously and the
seeding temperature needs to be found. After heating with 500 K/h to a temper-
ature that is at least 50 K above the estimated seeding temperature, ACRT was
applied for at least 12 h. As described in the thermocouple is placed
next to the heater, while the actual melt temperature is unknown. Accordingly, the
seeding temperature needs to be determined alternatively as described hereafter.
When the melt is slowly cooled, at some temperature supercooling of the melt col-
lapses, leading to a sudden appearance of several crystallites in the melt at once.
When the melt is heated again, the crystallites start to dissolve. The temperature,
where the last crystallite dissolves is the solidus temperature of that crystallite and
therefore the liquidus temperature of the melt and accordingly the seeding temper-
ature. Crystallites are usually visible as small tips on the metallic melt surface.
Sometimes, enabled ACRT is helpful to see if crystals are still present. Two dif-
ficulties had to be handled during this process: The very high supercooling rates
in Ga-rich solutions (supercooling of 165 K was observed in Ga-Pd-Sn solutions)
and the slow dissolution of crystals (To get an accurate seeding temperature heat-
ing ramps of 2 K/h are appropriate). Accordingly, heating slow enough to ensure
complete dissolution may be extremely time consuming. To accelerate the heating
process, high heating ramps were applied at the beginning (200 K/h) together with
permanent ACRT. The ramps were then reduced in an approximately exponential
way, depending on the amount of crystals still present. In the last stage, where the
heating ramps are 2 K /h the melt is kept at constant rotation since better observa-
tion is possible and ACRT is enabled only temporary since movement in the melt
increases the visibility of crystallites, i.e. small tips in the melt. When the last crys-
tallite disappears, seeding conditions are found and a short overheating of the melt
is applied as a precaution. The melt is cooled again to seeding temperature and the
seed is lowered to the melt. Seed and crucible are kept in constant counter rotation
of 10 rpm (crystal) and 5 rpm (melt). When the seed touches the surface of the
melt, the melt usually snaps to the seed, wetting it and forming the meniscus being
typically for Czochralski growth. After reaching stable conditions, the crystal and
crucible rotation can be carefully increased. The typical crucible rotation during
growth was 8 rpm and the typical crystal rotation was 20—30 rpm.



2.2 Czochralski growth of single crystals 16

increased heat supply reduced heat supply

AT

reducing-diameter growth constant-diameter growth increasing-diameter growth
Figure 2.3: Diameter development in Czochralski growth from solution. The main
factor for the diameter evolution is the state of the three-phase coexistence line
(crystal, solution, Ar atmosphere), that is affected by the position of the liquidus
temperature 7. Changed after [49)].

To test if the seeding temperature is correct, fast test pulling of 2 mm/h was
applied. Too low or too high temperatures lead either to a rapid diameter increase
or a separation of the seed and the melt, respectively. If the temperature is correct,
after the test pulling process the grown crystal and the first millimeters of the seed
are dissolved again. This is because the abrupt snapping of the slightly warmer
melt to the seed may cause dislocations due to stresses induced by a thermal shock
[53] and a larger diameter at the upper part of the wedge-shaped seed increases
its stability and lowers the risk of losing a grown crystal. Then the actual growth
process starts. First, the diameter is increased, forming the shoulder of the crystal.
After that the aim is to keep the diameter constant and pull a crystal of cylindrical
shape. According to fig. the diameter control in Czochralski growth works by
increased or decreased heat supply. This may either be achieved by controlling the
pulling rate and therefore change the latent heat by crystallization or it may be
achieved by changing the power of the heater. Both methods shift the liquidus
temperature 7T7,. Increased heat supply will shift 77, upwards, changing the angle
between crystal and melt at the three-phase coexistence line as shown in fig. a:
The amount of melt in the meniscus increases and an interplay of surface tension
and adhesion causes a constriction of the meniscus. Accordingly, the next layer of
the crystal will be narrower than the previous one and the diameter of the crystal
will be reduced. In opposite an increasing diameter (for example during the growth
of the crystal’s shoulder) will be achieved by reduced heat supply, lowering 77, [49].
The scale of growing intermetallics for basic research is by far too small that the
released latent heat has an influence on the heat supply at the growth interface.
Therefore, diameter control can be only achieved by power supply of the heater.

Because growth is carried out from solution, the temperature has to be adapted
all the time to the liquidus surface of the melt. Consequently, continuous cool-
ing of the melt is necessary, with cooling ramps adapted to the steepness of the
liquidus curve. The diameter increases when the cooling ramp is steeper than the
liquidus curve and consequently decreases vice versa. Theoretically, the temperature
program can be run automatically, programmed after the steepness of the liquidus
curve. In practical operation the unknown ternary liquidus surfaces and factors like
increased thermal transport with increasing crystal mass and its dependence on the
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crystal shape do not allowed this. Thus, the temperature program is only based
on the operator’s evaluation, leading to slight fluctuations of the crystal diameter.
Especially, because of the slow growth rates, changes in the diameter get visible
hours to days later.

T, T.(2)

NV
NV

Figure 2.4: Sketch of the growth interface (grey: crystal) regarding a) the concen-
tration curve of an excess component and b) the corresponding liquidus temperature
curve in the solution. T¢,,I displays a non-critical experimental temperature gradient
and T¢,,lI displays a critical experimental temperature gradient where constitutional
supercooling occurs. Drawn after [49] and [54].

Incongruent crystal growth implies another difficulty. Regarding fig. [2.4] a,
the excess component (in this case the solvents Ga and Sn) is enriched next to the
interface of a constantly growing crystal since the crystal has a different composition
than the melt. This leads to a concentration gradient in the solution. The transport
in the layer next to the interface is diffusion driven only. Since diffusion is the
slowest transport mechanism in the fluid, incongruent crystal growth is a diffusion-
limited, slow process. As a result, there is always a region in the melt below the
interface where the liquidus temperature in the bulk melt, 77 (z), is higher than the
liquidus temperature at the actual growth interface, Ty () (fig. 2.4, b). Meaning,
that regions in the bulk of the melt have better conditions to crystallize than those
directly next to the growth interface. In the case of a high experimental temperature
gradient (7,,1) in the melt, conditions for crystallization are only fulfilled directly
next to the crystal. However, if the experimental temperature gradient is low (7,,1I)
temperatures in the melt may be below the liquidus temperature and a supercooled
region next to the growth interface is formed (fig. [2.4 b, hatched area). This
effect, called constitutional supercooling, may lead to growth interface instabilities
that appear in practice as dendritic growth, cellular growth, or trapping of solution
in the crystal [55-57]. Hence, a high experimental temperature gradient (7¢,,1) is
important for incongruent crystal growth. However, naturally metallic melts have
an excellent thermal conductivity (at least in the dimension of two digit W/mK)
and therefore a low thermal gradient is expected. Tiller’s equation describes the
conditions that must be fulfilled to achieve a stable growth interface [5§].

G Co(l — kK

Z > Mol 7 o) (1 = ko) (2.1)

(% D]{ZO
Accordingly, to avoid constitutional supercooling and ensure a stable growth inter-
face the quotient of the temperature gradient, GG, and the growth rate, v, needs to
be larger than a certain value depending on the slope of the liquidus curve, m, the



2.3 Preparative methods 18

initial concentration, Cy, the diffusion coefficient, D, and the equilibrium segrega-
tion coefficient, ky. Therefore, since G is low naturally, a slow growth rate is the
only influenceable variable to achieve a stable growth interface. If growth rates are
slow enough, diffusion-driven transport of the excess component away from the melt
may be sufficient, causing a lower concentration gradient % according to Fick’s

first law [59]. It holds

(Cp — Cs)v = —D (%)ZZO (2.2)

where (' is the concentration at the growth interface, Cs is the concentration in
the crystal, v the growth rate, D the diffusion coefficient and z the distance from
the growth interface. A lower concentration gradient implies a lower change of the
liquidus temperature of the solution next to the growth interface (fig. 2.4, b) and
therefore low experimental temperature gradients are feasible.

During the progressing crystal growth experiment it holds furthermore that the
concentration difference between crystal and solution (C, —Cy) increases (due to Pd
depletion and Ga, Sn enrichment in the solution) while the conditions for diffusion
get worse with decreasing liquidus temperatures [60]. Accordingly, the pulling rates
have to be continuously decreased to maintain a stable growth interface. As a result,
the cooling program has to be adapted to the pulling rate. The pulling rates were
usually in the range of 100 pm/h for the first mm and were continuously lowered
in steps until 25 pm/h in the last part of the crystal. After finishing the crystal
growth, the crystal was removed from the melt by fast pulling (20 mm/h).

2.3 Preparative methods

2.3.1 Orientation of single-crystalline slices

Since the basis of the project are catalytic measurements on surfaces of well-oriented
crystallographic planes (hkl), the orientation of single-crystalline slabs was neces-
sary. Prior to cutting, the slices were fixed on a goniometer with the Logitech
0CON-200 wax and then brought to a Laue camera with backscattering mode. The
accuracy of the adjustment of the slices was within 0.1°.

2.3.2 Surface preparation

After orienting, the slabs were transferred with the goniometer onto a WS 22, (KD
UNIPRESS) wire lapping saw and cut with a 50 pm tungsten wire and a slurry made
of 800 mesh boron carbide and glycerol. Cutting by lapping allows a minimum
surface damage and material loss. After cutting, the slabs were transferred to a
polishing head without further correction. The angular error was typically below
0.5°. According to the trigonometrical tangent function a deviation of the desired
crystallographic plane and the real surface of 0.5° results in a step of approximately
one unit cell every 100—200 unit cells and is therefore acceptable.

Before the polishing, lapping with 3—5 pm corundum water suspension was ap-
plied for approximately 15 minutes. Then polishing with diamond paste of decreas-
ing grain size with 9, 6, 3, 1 and 0.25 pm for 1—2 h for each step with a moderate pres-
sure of 1—2 kPa was applied. Finally, if necessary, a 10-minute chemo-mechanical
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polishing step with Syton OP-S (Struers) was carried out. Problems arising and
the evaluation of the polished surfaces are explained closer in [section 2.4.1.2]

2.4 Analytical methods

2.4.1 X-ray diffraction methods
2.4.1.1 X-ray powder diffraction (XPD)

X-ray powder diffraction (XPD) was used to analyse the phase content in the pre-
experiments and to study the lattice parameters of different phases. The samples
were ground in an agate mortar and later sieved with a 20 pm polyamide sieve. It
turned out that phases of the Ga-Pd system are very sensitive to stress, induced
from grinding. Therefore, annealing of the powders was necessary before X-ray
diffraction measurements. Single crystal samples, or the powders of single crystals,
respectively from the Ga-Pd-Sn system were annealed at 800°C for 12 h. Multi-
phase samples from the Ga-Pd-Sn system were annealed at 580°C for 24 h. These
conditions are further explained below. The data collection was carried out, depend-
ing on the specific material or purpose of the measurement, either in reflection with
Bragg-Brentano geometry on quartz zero-background sample holders or in transmis-
sion with Debye-Scherrer geometry in glass capillaries. Bragg-Brentano geometry
with higher wavelength was superior for phase analysis or lattice parameter fitting.
Debye-Scherrer geometry reduces texture effects like preferred orientation and there-
fore was mainly used for the Rietveld refinement of powders of single crystals. In
most cases a Bragg-Brentano diffractometer (XRD3003 TT) with Cu-K «; radiation
and a Ge(111) monochromator was used. High-resolution data were collected on a
1D position-sensitive semiconductor detector (PSD, 1D Meteor) with a resolution
of 20 = 0.013°/step. For lattice parameter fitting, an internal LaBg standard (NIST
660a) was used. Since complicated platy-like cracking behaviour was observed in sev-
eral samples, a STOE KRISTALLOFLEX Debye-Scherrer diffractometer, equipped
with a Mo-K a4 radiation, a Ge(111) monochromator and a PSD with a resolution of
20 = 0.1°/step, was used in order to suppress preferred orientation/texture effects.
Measurements almost free from preferred orientation were achieved by using 0.5 mm
capillaries and 30 % internal a-Al,O3 standard (NBS 674a) as supporting material.
a-Al,O3 was chosen since its lower structure factor, compared to the phases of the
Ga-Pd-Sn-system allowed such high amounts of Standard as supporting material.
Phase analysis as well as lattice parameter refinement was done by Rietveld refine-
ment. Le Bail fitting was applied for phase analysis and lattice parameter refinement
since the influence on Sn on the structure of several phases is unknown yet. For both
models the program package FullProf was used [61]. For Rietveld refinement and
phase analysis the pseudo-Voigt function as a linear combination of the Gaussian
and the Lorentzian function was used. The FWHM, the maximum intensity and the
peak position are equal for both, the Gaussian and the Lorentzian profile proportion.
It is written as

PV (@) = nL(x) + (1 - G(x),0< < 1 (2.3)

where L is the Lorentzian function and G the Gaussian function. For crystal-
lite size and microstrain refinement the Thompson-Cox-Hastings function (also a
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pseudo-Voigt function) was used [62]. The instrument parameters were refined on
diffraction patterns of measured LaBg standard (NIST 660a).

In the Ga-Pd-Sn system, different eutectoid or spinodal decompositions occurred,
resulting in grain sizes that cannot be resolved with EDX or WDX. Hence, XPD
was in many samples the only possibility to analyse the phase content. After the
first XPD measurements, it emerged that annealing was necessary as the samples
are partly very sensitive to stress, induced by grinding, resulting in extremely broad
peaks. (figs. [A.10] and [A.11)). To find proper annealing conditions, series of an-
nealing experiments on identical sieved powders (< 20 pm) of (i) a multiphase
sample (QX647-B) and (ii) a former single crystal were carried out. Before an-
nealing, all powders were evacuated to HV in silica ampoules, then filled with 130
mbar Ar (5N grade) and fused. The multiphase specimen was chosen since it con-
tained the most common phases: Two generations of Ga; ,Sn,Pd,, Ga; ,Sn,Pd
and Gagypy,5n4 ,Pdg. The temperature series of the multiphase sample were 580°C,
680°C and 780°C for 24 h each. The lowest T of 580°C was chosen 50 K below the
lowest detected DTA signal at 630°C. Also, temperatures 100 K and 200 K higher
were tested since better results were expected at higher 7. The results showed
changes in the phase content for the sample annealed at 780°C. Annealing at 580°C
or 680°C did not show any differences (fig. [A.10). Therefore, 580°C was considered
the best annealing temperature since it is below the lowest DTA signal. A second
series of annealing was carried out with the most proper 7' = 580°C for 12 h, 24 h,
and 120 h annealing time. While the 12 h run still showed broad peaks, the 24 h
run exhibited the best patterns. Longer annealing times resulted in a change of the
phase content, remarkably at 120 h (fig. [A.11]).

Quenched samples were very difficult to analyse since annealing undid the results
of quenching. One attempt of analysing the phase content of quenched samples were
XPD measurements in Bragg-Brentano geometry on polished transversal sections
of the ingots from the equilibrium-cooling experiments. The idea was to ablate
the disrupted interface layer and hoping for a grain size low enough and evenly
distributed orientation. However, the problem was poor statistics resulting in either
extreme intensities or missing peaks for specific lattice planes. Furthermore, it
was observed that many of the equilibrium-cooling droplets had a very uniform
orientation of specific phases, resulting additionally in texture effects, i.e. preferred
orientation in diffraction patterns.

As a single-phase model material a piece of a Czochralski-grown single crystal
with the composition Gag7Sng3Pds was used. It was milled and sieved as described
above. In single-phase materials of the Ga-Pd-Sn system, that were handled within
this project (Gaj_,Sn,Pd,, Ga; ,Sn,Pd) no changes in the phase content were
expected or observed at temperatures lower than 900°C. Annealing was tested at
800°C for 12 h and 24 h and under the same condition as the multiphase powders for
comparison (580°C for 24 h). Furthermore, having quenched polycrystalline powders
in mind, crushing the material in liquid N, was tested since a more brittle cracking
behaviour and less deformation, i.e. strain was expected at temperatures as low as
-196°C. However, only minor improvement could be achieved. An analysis of the
FWHM revealed a slight improvement of powders crushed in liquid N compared
to powders crushed at room temperature but the effect was too small for proper
Rietveld refinement (fig. . Also different grain sizes were tested for their quality
in XPD measurements. The idea was that less milling would damage the stress
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sensitive material less. Here the grain size ranges < 20 pm, 20—50 pm and 50—100
pm were compared (fig. . As expected, larger grain size samples had improved
FWHM, but pronounced preferred orientation occurred (see the comparison between
the diffraction patterns displayed in fig. . Annealing at 800°C improved the
FWHM remarkably compared to annealing at 580°C for 24 h (fig. [A.9). Since the
difference between 800°C for 12 h or 24 h was marginal, 12 h was chosen.

Summarizing, the best annealing conditions for multiphase samples were 580°C
for 24 h, for single-phase samples 800°C for 12 h and quenched samples were difficult
to analyse.

2.4.1.2 X-ray diffraction on single-crystalline slabs

First results of catalytic measurements by S. Barth, TU Chemnitz on the surfaces
of slabs of the three crystallographic main directions revealed results that cannot be
explained with a single-crystalline surface: (i) The conversion on all crystallographic
planes was the same. (ii) The conversion on the slabs was as high as in powdered
samples while it should be lower on single-crystalline surfaces. (iii) The selectivity
on the single-crystalline slabs was low while it should be high compared to pow-
ders or polycrystalline material [63]. Furthermore, during quick orientation checks
of single-crystalline polished slices on a powder diffractometer in Bragg-Brentano
geometry, there were peaks present which are not connected to the plane being cur-
rently in diffraction condition. According to Bragg’s equation nA = 2dsinf, on a
diffractometer with Bragg-Brentano geometry, only lattice planes being parallel to
the diffractometers zero plane can be in diffraction condition [64] 65]. Accordingly,
only one peak (or its higher orders) is allowed to appear in the diffractogram. In the
case of different slabs of Ga; ,Sn,Pd, different peaks occurred. These circumstances
gave rise to further investigations of the surfaces.
To investigate the condition of the sur-

face of the single crystal slices, a sample
holder was constructed to take up the pol- q :

ishing head (fig. [2.5). Hence, after every a
polishing step, control of the surface was ‘ b ‘
possible. The slices were fixed with Log-

itech 0CON-200 wax on the polishing head. c

To shield signals from the polishing head
or the diffractometer sample holder, a Pb
aperture with a hole was designed to ab-
sorb X-rays scattered from anything else
than the crystal. In consequence of the Pb
shield Pb reflexes were present but did not
interfere with peak positions of the crys-
tals. Figs. [A.2, |A.4] and |[A.6| in the ap-
pendix show that the intensity of the un-
desired peaks decreases with every polishing step. Furthermore, the intensities of
the peaks decrease with longer polishing time and with lower polishing pressure.
The optimum polishing pressure was in the order of 1—2 kPa. It was adjusted
by measuring the force with a load cell and adapting it to the crystal’s surface
being polished. Slices with different crystallographic orientations behave different.
Regarding the (100) surface after polishing with 6 um diamond polish, the signal

Figure 2.5: Schematic sketch of a
diffractometer sample holder for test-
ing the polishing quality: a) crystal, b)
polishing head, ¢) sample holder, d) Pb
aperture, e) diffractometer zero plane.
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cannot be distinguished from the background any more, while in the case of the
(001) surface, polishing down to 1 pm diamond polish was necessary. The signals
did not disappear at all on the (010) surface by mechanical polishing down to 0.125
pm and chemo-mechanical polishing with Syton OP-S could not be avoided.

2.4.1.3 Laue diffraction

Laue X-ray diffraction in backscattering geometry was used for orienting the single
crystals prior to cutting crystal slabs for catalytic investigations or seeds for growth
experiments. Additionally, crystals were checked for their single-crystallinity by
scanning with the Laue camera on different positions on the crystal.

2.4.1.4 X-ray topography

X-ray topography (XRT) was carried out at the Fraunhofer-Institut fiir Integrierte
Systeme und Bauelementetechnologie (IISB) in Erlangen. A Rigaku XRTmicron
using Cu-K « radiation and on some subgrains also Cr-K« at 40 kV and 30 mA in
reflection mode in Lang geometry with a XTOP high-resolution CCD detector with
a pixel size of 5.4 pm was used. One single-crystalline (100) slab of Gag ¢Sng 4Pds was
measured using the 412 reflection. By w scans with Aw = 0.1° an orientation map
was created and by composing topographs with different w a maximum intensity
map was created.

2.4.2 Electron microscopy

Electron microscopy was carried out for imaging, chemical analysis and detailed
orientation checks.

On a Cameca SX-100 EPMA system backscattered electron (BSE) imaging and
chemical analyses by wavelength-dispersive X-ray spectroscopy (WDX) were carried
out. The EPMA was equipped with five wavelength-dispersive X-ray spectrometers
and a LaBg cathode. An accelerating voltage of 15 keV and a current of 40 nA was
used and the calibration was carried out on standards of binary GaPd and elemental
Sn. Later a Czochralski-grown externally certified single crystal of Gag 7Sng 3Pd, was
used as standard material [66]. Pd-L, and Sn-L, were measured on a PET crystal
and Ga-K, was measured on a LiF crystal. For matrix correction the PAP model
was used [67].

A Hitachi Schottky field emission scanning electron microscope (FE SEM
SU5000) in both, secondary electron (SE) and BSE mode at 20 kV acceleration
voltage was used for imaging in few cases, due to its better resolution compared to
the EPMA.

For electron backscatter diffraction EBSD the Kikuchi patterns were acquired

using a Bruker Quantax EBSD system with a € Flashf detector and the software
package FEsprit, version 2.2. The resolution for the Kikuchi patterns was 320 x 240
pixels, the acceleration voltage was 15 kV, the sample distance was 18 mm and
the samples were tilted 70°. The EBSD system is mounted to a scanning electron
microscope (Jeol JSM 7800 F) with an ARGUS™ imaging system, equipped with
two BSE and three forescattered electron (FSE) detectors.
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2.4.3 Differential thermal analysis

Differential thermal analysis (DTA) was mainly used in order to understand crys-
tallization paths and phase transitions and to get information about the liquidus
temperature of specific compositions. Usually segments cut out of ingots from the
normal freezing experiments were analysed by DTA. Since a representative part of
a sample was necessary to get valuable data in order to interpret its crystallization
path, the segments were cut through their vertical axis. Experiments have shown
that crystallization typically starts from the bottom, or primarily crystallized phases
sink to the ground, causing a segregation along the vertical axis, but not perpendic-
ular to it. For the measurements a Netzsch DTA (404/3/F) system was used. The
measurements were carried out under stationary Ar atmosphere of ambient pressure
in open alumina crucibles (30 pl) with typical sample masses of around 50—100 mg.
Al O3 powder was used as reference. The heating and cooling rates were 5 K/min.
The DTA was calibrated using the melting points of Ag (7, = 961.8°C) and Au
(T,,, = 1064°C) under the same conditions. The onsetE] temperature was defined as
the intercept of the baseline of the DTA curve and the tangent in the first turning
point of the peak. For the endset it was the intersect of the baseline and the last
turning point.

2.4.4 Phase diagram information

It is worth to mention how the information, necessary to grow single crystals were
processed. The most important information are the tie—linesﬂ and boundaries of the
primary crystallization areas in the phase diagram as well as rough estimations of
the growth temperatures. An idea of the ternary phase diagram in the vicinity of
the phases that need to be grown, is necessary. The information was gained from
analysing the experiments described in the chapters [2.1.3] and [2.1.2, The approach
of evaluating and interpreting BSE and SE images, XPD, DTA, WDX and EDX
data and combining the information has proven to be the method of choice.

4In hint @ the use of the terms “onset” and “endset” is explained.
5Tie-lines connect the composition of the melt with the solid being in equilibrium with it.



Chapter 3

Results

3.1 Phase diagram studies in the Ga-Pd-Sn
system

Fig. shows some examples for the resulting solid bodies of equilibrium-cooling
and Bridgman experiments that were analysed for the phase diagram studies. The
equilibrium-cooling experiments can be grouped according to their initial melt com-
position, phase content, their structural appearance and their DTA curves. Accord-
ingly, regions with samples that have similarities can be described that are shown in
fig. B2l The most abundant phases are listed in tabs. and In the following
sections characteristic examples are described closer for each of such a region. The
Sn or Ga substitution behaviour in the binary phases is not always clarified. Usually,
Ga and Sn substitute each other, like in Ga;_,Sn,Pd,. The lack of single crystals
has not allowed structure refinement by X-ray methods, yet. Therefore, assumptions
on the incorporation of the third component into binary phases can only be made,
based on the measured chemical compositions.

Figure 3.1: a-d) Resulting solid droplets from equilibrium-cooling experiments. In
c and d it is visible that there are grains (of Ga;_,Sn,Pds) accumulated at the
bottom. e,f) Resulting ingots from the Bridgman experiments.
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Structure | Pearson | Space Lattice parameter [A] Ref

Phase type symbol | group a b c el
GaniprqSns pPdy | TiN* cF120 | Fd3m | 12.4048(9) 0]
GasPd; GesRhs oP16 | Pbam | 541(1) | 1049(1) | 4.02(1) | [25]
PdySnis Nij3GagGeg | hP66 | P3;21 | 8.7985(11) 16.984(3) | [68]

Table 3.1: Published crystal structure data of further phases that occur in the vicin-
ity of the solid solutions Ga; ,Sn,Pds and Ga; ,Sn,Pd.*) Related to the structure
type with additional Pd atoms in octahedral and tetrahedral voids. t) Later revis-
ited with the inverted space group P3,21 [69].

<+«— Ga [at.%]

Sn [at.%] —>

Figure 3.2: Regions R1—R9 that have specific phase contents (listed in tab. , re-
lated crystallization paths and textures. The dots represent the initial compositions
of the experiments. Grey-filled experiments result in the primary crystallization
of Ga; ,Sn,Pd,. The corresponding grey lines are the tie—lineﬂwhile the first-to-
freeze compositions are shown as stars. Red stars are Czochralski experiments. The
stability regions of the different phases drawn in yellow as well as their orange tie-
trianglesﬂare published by [18] and refer to the temperature of 500°C. The boundary
lines of the regions are only a help for the viewer.

3.1.1 X-ray powder diffraction analysis

First results concerning the methodology of the X-ray powder diffraction (XPD)
measurements were presented in chapter [2.4.1.1especially with focus on annealing of
the samples. In polycrystalline samples the Bragg-Brentano geometry diffractometer
with Cu-Ka; radiation and accordingly higher wavelength, showed to be the more

ITje-lines connect the composition of the melt with the solid being in equilibrium with it.
2Tie-triangles connect the three phases that are in equilibrium [42].
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suited option compared to the Mo-K«; radiation with shorter wavelength. Most
phases of the Ga-Pd system are closely related in their structure according to the
intergrowth concept [24]. Accordingly, the peaks of the different phases with closely
related structures are in very similar positions. This also holds for the substitution
of Ga by Sn and also the only ternary phase Gagy,445n4—,Pdg. Therefore, the short
Mo wavelength causes massive peak overlapping in the diffraction patterns, while
Cu-K ai-measured patterns allow proper differentiation of the peaks. Phases with
minor proportions may be still hidden by other ones. However, occasional texture
effects due to crystals with platy or needle-like habitus proved to be a disadvantage
here, caused by the sample preparation necessary for the Bragg-Brentano geometry.
In those cases preferred orientation was refined with the March-Dollase function but
not systematically quantified. A rough tendency showed that Gas ,Sn,Pds; shows
a platy habitus while Ga; ,Sn,Pds and PdyySnis ,Ga, tend to have a needle-like
habitus.

All sample from the pre-experiments were examined via XPD regarding their
weight fractions and their lattice parameters of the individual phases. Their phase
content is given in tabs. to and further details like the distribution of the
phases in the samples as well as their lattice constants are presented in the sections
[3.1.2] and [3.1.4l As an overview, representative diffraction patterns of different
samples from each region are shown in fig. |3.3|

More detailed and typically occurring properties of the patterns are shown in fig.
. Gay_z5n,Pd and Gagypig5n4-,Pdg always have sharp and symmetrical peaks
(regardless of the instrumental parameters). In the case of fig. a, Ga; ,Sn,Pd,
also occurs in sharp symmetric peaks. This is only the case for samples with lower Pd
and lower Sn content, settled around the regions R5, R6 and R7. The pattern shown
in fig. 3.4 b, clearly contains two generations of Ga;_,Sn,Pds, one with larger and
one with lower lattice parameters, resulting in lower and higher diffraction angles,
respectively. Such samples are typical for higher Pd contents in the regions R2 and
R3. The pattern in fig. 3.4] ¢, shows very asymmetric peaks for Ga; ,Sn,Pdy. This
displays a gradient in the lattice parameters and accordingly a chemical gradient
(this will be elaborated later). The low-angle part of the individual peaks has a
higher weight proportion than the high-angle part. Also in other experiments, this
distribution occurs more frequently than the other way round however plateaus or
broad peaks display that the proportions may be approximately equally, too. Such
asymmetric or broadened peaks are mostly abundant in the regions R4 and RS.
Between the case with two clearly distinguishable peaks of the two Ga; ,Sn,Pd,
generations (fig. [B.4 b) and the gradient within the peaks (fig. ¢) mixed
variations occur regularly. Fig. [3.4 d, shows a slight asymmetry in the peaks of
PdypSny3-,Ga,, with tails more pronounced on the left side of the peaks. In many
cases the proportion of a specific phase is too low for a proper evaluation of the
peak profiles. For example, Ga; ,Sn,Pds is often only present in small amounts in
the sample. Then it is difficult to distinguish whether one or more generations are
present or whether the lattice parameters of the phase show a gradient.
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Figure 3.3: Diffraction patterns of different samples measured with Cu-K«; radia-
tion. Each pattern represents a region in fig. . Because the powder quantities on
the zero-background sample holders can be dlfferent at the measurements (and ac-
cordingly the integrated intensities) the samples were normalized according to their
integrated intensities between 30° < 26 < 50°. All samples have been measured
in the region of 15° < 20 < 120°. More detailed images of the diffraction patterns
and their agreement values are shown in figs. in the appendix.
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Figure 3.4: Exemplary diffraction patterns, measured with Cu-K«; radiation, show-
ing different typically occurring peak profiles. a) All phases have sharp individual
peaks. b) The phase Ga; ,Sn,Pdy occurs two times, with lower and higher 26
position for each individual peak. ¢) The phase Ga; ,Sn,Pdy occurs with highly
asymmetrical peak profiles, with higher intensities for each individual peak at lower
20 angles. d) The phase PdyySni3-,Ga, occurs with asymmetrical peak profiles, but
this time with higher intensities at higher 26 angles for each individual peak.
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3.1.2 Texture and phase content of samples in the vicinity
of Ga;_,Sn,Pd,

The description of the textures is based on BSE images gained by EPMA or
SEM, meaning that the terms “darker”/“brighter” refer to a lower/higher aver-
age atomic number Z of the specific measured phases. In the case of Ga; ,Sn,Pd,,
GagtptgSn4—,Pdg and PdypSniz-,Ga,, WDX measurements show that sometimes
the orientation contrast of individual grains can be greater than the contrast be-
tween the different phases because the average atomic numbers are similar. In such
cases, phases can only be distinguished by WDX/EDX measurements. Ga;_,Sn,Pd
has the highest Ga content and the lowest Pd and Sn contents and therefore can
be easily identified as a darker phase. The chronological order of crystallization is
discussed later in detail. In the following paragraphs, the discussed regions R1—R9
of the phase diagram are numbered consecutively according to fig.

3.1.2.1 Region R1

Figure 3.5: BSE images of QX642-A as an example for experiments of starting melt
compositions in region R1 (fig. , R1). The Roman numerals I-IIT mark different
repeating paragenetic sequences (or phases) of the texture.

Solids crystallized from melts according to region R1 (fig. R1, tab. contain
the phases Ga; ,Sn,Pd,, Gasz ,Sn,Pds and Ga; ,Sn,Pd. Ga; ,Sn,Pd; exists in
two generations, one primarily solidified and one finely distributed in the matrix.
Region R1 includes experiments with a low Sn content of x; < 0.1 and a Pd
content of 59 < y; < 61 in the initial compositiorﬂ The texture in region R1
consists of large grains of Ga; ,Sn,Pds (fig. [3.5] phase I), followed by elongated
grains of Gag_,Sn,Pds (blue-framed phase, II, in fig. . The spaces are filled with
a dispersed, fine-grained material with grain sizes smaller than 1—2 pm (fig. [3.5|
sequence III). The Ga;_,Sn,Pd, grains (I) show a slight increase in the Sn content
from the inner to the outer part or from the bottom to the top, i.e. always in the
direction of the growth. The Sn content rises sharply at the edge of the grains,
which is clearly visible in the light-coloured rim in the BSE images (blue arrows, fig.

3 According to the description (Gaj_x, Sny, )100-y, Pdy, -
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3.5, a). The brightness difference within these grains may be even larger than the
brightness contrast between grains of the phases Ga; ,Sn,Pds and Gas ,Sn,Pds.
Both indicates segregation during the crystallization. As a result, these phases can
only be distinguished by WDX measurements. The average composition of most
Gaz ,5n,Pds grains is Gag gs(3)Sno.11(3)Pds.03(3). The measured composition with the
highest Sn content was Gag.g1(3)Sno.16(3)Pds.03(3) and an increase of the Sn content
from earlier to later-crystallized areas could also be observed in this phase. Some
grains of Ga; ,Sn,Pdy show lamellae. The stars in fig. mark rims next to the
primarily grown Ga,_,Sn,Pd, grains that consist of parallelly grown Ga; ,Sn,Pd,
and Gaz ,Sn,Pds lamellae. In some cases a fine-grained, decomposed material,
with a major content of Ga;_,Sn,Pd is present in these lamellae. The fine-grained
matrix (fig. , sequence III) contains the phases Ga;_,Sn,Pd and Ga;_,Sn,Pd;
according to the XPD results. WDX measurements in the same area give averaged
compositions resulting from different phases due to the excitation volume of the
electron beam exceeding the size of individual grains. XPD refinements of the
fine-grained Ga;_,Sn,Pd, fraction allow the calculation of Sn contents from refined
lattice parameters according to the equations given in section While the first
solidified part of primarily grown Ga; ,Sn,Pds; grains has a measured Sn content
of 0.08(3) < =z < 0.09(3), rising slightly to the last grown ends of the grains,
the calculated Sn content of the secondary formed generation of Ga;_ ,Sn,Pds is

The only DTA curve measured from a sample in region R1 (fig. has three
endothermic signals in the heating curve. The first onset{l]is at ~ 860°C, the second
one at ~ 930°C with a shoulder at higher temperatures and the third signal is a
smooth rise with a sudden drop back to the base line at ~ 1230°C, indicating the
end of a long-lasting dissolution process. The cooling curve has only two peaks. The
first is a sharp exothermic heat signal at 1180°C and the second one is a smaller
signal at =~ 950°C. The difference between the first cooling signal at ~ 1180° and
the last heating signal at &~ 1230°C displays supercooling. The extreme sharp signal
furthermore shows the sudden collapse of the supercooling.

sample |y, | T Ga;_,Sn,Pd, Gas_,Sn,Pds | Ga;_,Sn,Pd
primary secondary w[wt. %] wlwt. %]
wiwt. %], z | wwt. %], zxpp

QX642-A | 59 | 0.10 | 12, 0.09(3) 34, 0.27(5) 7 47

Table 3.2: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R1, based on Rietveld refinement. Additional information is
gained from the residual melt of the Czochralski experiment QX649-11. y; and xp,
define the melt compositionﬂ Txpp 18 the calculated Sn content determined from
the lattice parameters as described in section [3.3.2]

4In hint @ the use of the terms “onset” and “endset” is explained.
®According to the description (Gaj_x, Sny, )100-y, Pdy, -
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Figure 3.6: DTA curves of QX642-A from region R1.

3.1.2.2 Region R2

Figure 3.7: BSE images of samples from region R2 (fig. R2). a-c) QX663-B,
d) QX690-A. The Roman numerals I and IT mark different repeating paragenetic
sequences (or phases) of the texture.
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Solids crystallized from melts according to region R2 (fig. [3.2] R2, tab. contain
only Ga; ,Sn,Pds; and Ga; ,Sn,Pd. Again, Ga; ,Sn,Pd, is present in two genera-
tions, one is primarily crystallized (fig. sequence I), the other one is fine-grained
in the matrix (fig. sequence II). Experiments from region R2 have initial melts
with a Sn content of x; = 0.2 and a Pd content of 57 < y; < 61 E] The content
of primarily grown Ga; ,Sn,Pdy decreases from higher to lower y, (61—57 at.%)
from w = 76 wt.% to below w = 1 wt.%. At the rim of the Ga;_,Sn,Pd, grains a
strong increase in the Sn content is recognizable by the bright rim in the BSE images
(blue arrows). The blue stars mark fine dendritic tails of Ga;_,Sn,Pds. The matrix
is dispersed and fine-grained (smaller than 1—2 pm) with larger dendritic star-like
grains of Ga;_,Sn,Pds. These may be oriented randomly (figs. a-c) or in a
crystallographic relation to each other (fig. , d). The dendrites may be up to 100
pm in size and have a higher Sn content (x & 0.4) than the first-crystallized part of
Ga; ,Sn,Pds. The calculated Sn content xxpp of Ga; ,Sn,Pds in the fine-grained
material is uniform in all experiments with values of 0.43(5) < zxpp < 0.45(5).

The DTA heating curves from these experiments (fig. contain three en-
dothermic signals. The first peaks have common onsets at ~ 850°C and are double
peaks. The second peaks also share common onset temperatures at 910-920°C. The
third signals are smoothly rising and fall back abruptly to the background line, dis-
playing long-lasting dissolution processes. The endset correlates with the initial Pd
melt content y;. Samples with higher y; show higher endset temperatures, display-
ing that the initial Pd content has the major influence on the liquidus temperature.
The DTA cooling curves contain three exothermic signals for all experiments. The
first one (at high temperatures) corresponds to the endset of the last endothermic
signal during heating, i.e. to the liquidus temperature. However, there are also
exceptions, mostly to lower temperatures in the cooling curves, that are assigned to
supercooling of the melt. In the case of one DTA curve (QX647-A) the cooling curve
onset is at slightly lower temperature than the heating curve endset. Accordingly,
in this experiment, the cut sample does not exactly display the initial composition
and the endset of the heating signal must be taken as the correct solidus/liquidus
temperature. The second exothermic signals during cooling are shared signals at
~ 920°C for all experiments and the last exothermic signal during cooling varies
slightly between 650°C and 620°C.

sample | yr | Ga;_,Sn,Pd, Ga;_,5n,Pd
primary secondary w{wt.%)]
wwt. %], x| wwt. %], zxpp

QX663-B | 61 | 0.20 | 76, 0.203) | _ 9, 0.43(5) 15

QX647-A | 59 | 0.20 | 5,0.23(5) | 45, 0.45(5) 50

QX690-A | 57 | 0.20 | < 1,0.27(3) | 45, 0.45(5) 55

Table 3.3: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R2, based on Rietveld refinement. xxpp is calculated from
the refined lattice parameters according to the equations in section [3.3.2} 2z, and y,,
correspond to the melt composition?}

6 According to the description (Gai_x, Sny, )100-y, Pdy, -
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Figure 3.8: DTA curves of different samples from region R2. The stars mark arte-
facts, known from the instrument. Addition of thin red constructed background lines
allows better visibility of dissolution processes. For the cooling curve of QX690-A a
background subtraction by a manual B-spline fit was performed, due to its slope.
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3.1.2.3 Region R3

Equilibrium-cooling experiments in region R3

Figure 3.9: BSE images of different examples of samples from region R3 (fig. ,
R3), a—c), measured with the Cameca EPMA, d) with the Hitachi SEM. a,b,e,f)
QX677-A, ¢) QX647-B, d) QX675-A. The Roman numerals [-IV mark different
repeating paragenetic sequences (or phases) of the texture.

Solids crystallized from melts according to region R3 (fig. [3.2) R3, tab.
contain the phases Ga;_;Sn,Pds, Ga; ,Sn,Pd and Gagypi,Snys ,Pdg while
Gay_,Sn,Pds is grown primarily. Those samples have initial melts with a Sn con-
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tent of 0.3 < x; < 0.4 and a Pd content of 59 < y < 61[] The primarily grown
Gay_,Sn,Pd, grains (fig. [3.9] sequence I) sometimes contain grid systems of precipi-
tated Gagypi,Sn4—,Pdg needles (fig. d). Those grid systems sometimes contain
fine-grained Ga;_,Sn,Pd (arrow 1). Arrow 2 shows that the Gag; 4,514 ,Pdg nee-
dles are sometimes accompanied by Ga;_,Sn,Pd precipitates over the full length.
The second sequence (fig. IT) is formed of striped areas. Large-grained stripes
of Gagypi,Sny ,Pdg alternate with fine-grained (smaller than 1—2 pm) multi-
phase stripes. The multiphase stripes consist of fine dispersed grains of predom-
inately Ga;_,Sn,Pd and also Gagpq¢Sns—p,Pdg. In Sn-rich samples the brighter
Gagypygong_pPdy-rich stripes are more abundant and thicker while Ga;_,Sn,Pd-
rich stripes may be thinner. In fig. [3.9] f, it can bee seen that the brighter regions
may contain Ga;_,Sn,Pds (arrow 3). The third feature of the samples is dendriti-
cally grown Gagpy,Sny,Pdy (fig. 3.9 III). The matrix (fig. sequence 1V) is
a multiphase, fine-grained (smaller than 1—2 pm) eutectoid-like system, dominated
by Ga;_,Sn,Pd also containing Gas,,5n4_,Pdg and Ga;_,Sn,Pds.

The DTA heating curves from these experiments (fig. contain four en-
dothermic signals. The first three peaks have shared onsets at approx. 800°C,
850°C and 900°C in all measured samples. The third peaks have shoulders at higher
temperatures. The fourth signals are long, smoothly rising signals with sharp ending
that display dissolution processes. The DTA cooling curves contain four exothermic
signals for all experiments. The first one (at high temperatures) is related to the
endset of the last endothermic signal during heating i.e, liquidus and solidus corre-
spond to each other. It should be mentioned that the onset of the first signal during
cooling is higher than the endset of the last signal during heating in some cases.
The second and the third exothermic signals are shared signals at ~ 920°C and ~
780°C and the last signals vary between 650°C and 620°C.

sample | yr | = Ga;_,Sn,Pds Gay_,Sn,Pd | ternary*
primary secondary wlwt. %] wlwt. %]
wwt. %], x| wwt. %], zxpp
QXG677-A | 61 [ 0.30 | 19, 0.31(3) | 35, 0.46(5) 29 17
QX675-A | 61 | 0.35 | 19, 0.35(3) | 32, 0.46(5) 26 23
QX677-C | 61 | 0.40 | 18, 0.34(3) | 28, 0.47(5) 21 33
QX647-B | 59 | 0.30 | 28, 0.30(3) | 29, 0.47(5) 31 12
QX677-B | 59 | 0.35 | < 1,0.34(3) | 33, 0.47(5) 31 36
QX696-A | 59 | 0.35 | 39, 0.33(3) 33 29
QX693-B | 59 | 0.35 | 2,0.33(3) | 29, 0.45(5) 35 33

Table 3.4: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R3, based on Rietveld refinement of the X-ray powder diffrac-
tion (XPD) data. xxpp is calculated from the refined lattice parameters according
to the equations in section [3.3.2] ternary* = Gagip,y,Sny ,Pdy. x; and y; corre-
spond to the melt composition®d

"According to the description (Gaj_x, Sny, )100-y, Pdy, -
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Figure 3.10: DTA curves of different samples from region R3. The stars mark
artefacts, known from the instrument. Thin red, constructed background lines allow
better visibility of dissolution processes. For the cooling curves of QX677-A and B
and the heating curve of QX677-A a background subtraction by a manual B-spline
fit was performed, due to its slope.

Bridgman experiment in region R3
A special experiment located in this region, was the Bridgman experiment QX689-B
(xp, = 0.35, y, = 59)E|, which aimed to transfer the time sequence of the crystal-
lization path into a spatial sequence (fig. [3.11)). The ingot can be divided into
four sections (I-IV), intersected by clear transitions. The phases occurring in the
different sections, found by XPD are given in tab. and visualized in fig. [3.12]
The first part (up to 6.5 mm, fig. |3.11] I) is almost a single-phase material of
Ga; ,Sn,Pd,y. Still, this area is not single-crystalline but consists of several grains
and small amounts of Ga;_,Sn,Pd can be found in the XPD analysis, most likely
in inclusions. The second area (fig. 3.11] II), with a length of about 4.2 mm con-
tains needles of Ga;_,Sn,Pd, (fig. II, a) in a matrix of Gagypy,Sny ,Pdg
(fig. B11] II, b). GagypieSnys ,Pdy occurs with different brightness in the BSE im-
ages. However, a chemical contrast could not be found by WDX measurements and
an orientation contrast is likely. Furthermore, fine-grained (smaller than 1—2 pm)
polycrystalline phases of mainly Ga; ,Sn,Pd and few amounts of Ga; ,Sn,Pd,
or Gagypt45n4 ,Pdg are precipitated or trapped in Gagy,i,5ns ,Pdg. Both, the
brightness contrasts and the precipitates appear in lines, following a specific ori-
entation. The next area (fig. [3.11] III) contains dendrite-like structures of mainly
GagypreSny ,Pdy (f. III, b) with the same properties described for II, b. Those
are alternating with dispersed, fine-gained (lower than 1—2 pm) darker structures (f.
III, ¢) of Ga;_,Sn,Pd, with Gasy,i,Sny,Pdg and (Ga;_,Sn,Pdy) containing
spotted to dendritic structures of Gagy 4,504 ,Pdg, 2—20 pm in size. In this area
needles of Ga;_,Sn,Pds of up to 100 pm (f. [3.11] III, a) are intersecting the brighter
and darker striped structures. The last 10 mm (f. [3.11] IV) consist of a fine-grained

8 According to the description (Gaj_x, Sty )100-y, Pdy, -
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structure of Ga;_,Sn,Pd and Gagi,y,5n4-,Pdy (IV, b), with either dendrites of
GagypteSny ,Pdg, up to several mm in length, or smaller (up to 50 pm) star- and
needle-like crystallites of the same phase. Fig. [3.13] shows the development of the
lattice parameters of the individual phases over the length of the ingot, or rather
in the different analysed sections. For Ga; ,Sn,Pds the lattice parameters of the
primarily grown part differ strongly from the secondarily grown ones. For all other
phases, there is either a slight increase or a slight decrease (for Gagyp,Sn,_,Pdy)
from section II to the end of section III.

i%v ey L0 G E- 23 i = : - B el L

Figure 3.11: Bridgman experiment QX689-B (y, = 59 , x;, = 0.35). The upper
part is a polished longitudinal section of the whole ingot. The middle part shows
BSE images showing the different textures and boundaries in-between. The bottom
part shows magnified BSE images of characteristic positions. The arrows mark the
positions of the BSE images. The blue sections have been analysed by XPD and
the results are displayed in tab. [3.5]

area according Gaq_,Sn,Pd, Gagypygony—_pPdy | Ga_,Sn,Pd
to figf3.11] w[wt. %], zxpp w[wt. %) wlwt. %)

I 97, 0.36(3) (WDX) 3

II 32, 0.46(5) 49 20
11, 1 38, 0.48(5) 22 39
I11, 2 32, 0.49(5) 25 44
IV, 1 10, 0.48(5) 53 36
IV, 2 1, 0.5(1) 62 37

Table 3.5: Phase content of the Bridgman experiment QX689-B (y, = 59 , z; =
0.35), based on Rietveld refinement. The samples are cut from the marked positions
in fig. Txpp is calculated from the refined lattice parameters according to the
equations in section3.3.2, For section I x was measured by WDX and not calculated,
since Ga;_,Sn,Pdy crystallized primarily in large grains. xj and y; correspond to
the initial melt composition}

9According to the description (Gaj_x, Sny; )100-y, Pdy, -
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Figure 3.12: Visual phase distribution of the XPD analysis from the sections marked
in fig. [3.11] The values are listed in tab. [3.5
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Figure 3.13: Lattice parameters of the different phases gained from XPD analysis
of the sections marked in fig. |3.11}
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3.1.2.4 Region R4

Equilibrium-cooling experiments in region R4

Figure 3.14: BSE images of different examples of samples from region R4 (fig. ,
R4). In image ¢ (QX680-C) some needles of Ga; _,Sn,Pds are framed black for better
visualisation. The two red lines in ¢ indicate the tracks of the line measurements
displayed in fig. a,b) QX690-C, ¢) QX680-C, d) QX671-B. The numbers I and
IT mark different repeating paragenetic sequences (or phases) of the texture.

Solids crystallized from melts according to region R4 (fig. , R4, tab. con-
tain the phases Ga;_,Sn,Pdy, Ga; ,Sn,Pd, Gasy,4,5n4 ,Pdg and PdypSn;s,Ga,.
The samples have initial melt compositions with a Sn content of 0.4 < z;, < 0.6
and a Pd content 61 < y < 62 El Ga;_,Sn,Pd, is present as large primar-
ily grown single-phase needles , sequence I). In earlier described samples from
regions R1, R2 and R3 the Sn content x was strongly related to xy in the single-
phase Ga; ,Sn,Pd, grains. In contrast, the Ga; ,Sn,Pds crystallites seem to have
a constant Sn content of x = 0.53(3)—0.54(3).

9 According to the description (Gaj x, Sny, )100-y, Pdy, -
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Figure 3.15: a) Incident light microscope image of QX680-C. b) WDX line measure-
ments (position marked in fig. (3.14)).

The primarily grown Ga; ,Sn,Pds needles are embedded in a texture that con-
tains lamellae or bands of Gagyp4,Sn4-,Pdy (fig. b, star), Ga;_,Sn,Pd,y (fig.
b, arrow 1) and PdyoSniz-,Ga, (fig. [3.14] b, arrow 2). Different stripes of
GagypigOny ,Pdg vary in their chemical composition (fig. [3.15, b, line 1). The
Pd content remains approximately constant while Sn and Ga differ by 0.5—1 at.%.
Furthermore, some stripes contain fine structures of Ga; ,Sn,Pds that are visible in
the incident light microscope and in line measurements (fig. a and b, line 2).
Line 1 in figs. and shows a lower Ga and higher Sn content in the lamel-
lae that contain Ga;_,Sn,Pdy (Gai7.5(2)Sn20.82(18)Pde1.3519)) compared to the pure
Ga2+p+an4,deg lamellae (Ga20.03(18)Sn19‘72(17)Pd60,24(16)). XPD measurements in-
dicate low contents of PdyySny3_,Ga, are present in these structures even if they
could not be found by WDX measurements, probably due to a low amount and
grain size. The orientation of these lamellae structures is consistent either over the
whole sample or within large areas. The amount of PdyySny3 ,Ga, varies strongly
within the samples. Fine-grained (lower than 1—2 pm) eutectoid-like structures can
be found in some samples (fig. d, arrow 3).
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sample |y | xr Gaq_,Sn,Pd, 1-1 ternary | 20-13
primary secondary wwt. %] | wwt.%] | w[wt.%]
W[Wt.%}, i W[Wt.%], IXpD

QX680-C | 61 | 0.50 | 7,0.39(3) 12, 0.45(5) 10 71
QX693-A | 61 | 0.50 | 7,0.53(3) 20, 0.46(5) 11 62
QX690-C | 62 | 0.60 | 20, 0.54(3) * 80 <1
QX671-B | 59 | 0.50 T 6, 0.47(5) 12 82 T
QX696-B | 59 | 0.50 T 10, 0.48(5) 13 77 T
QX675-B | 61 | 0.70 22, 0.6(1) 59 20

Table 3.6: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R4, based on Rietveld refinement. xxpp is calculated from
the refined lattice parameters according to the equations in section Abbrevi-
ations: 1-1 = Ga;_,Sn,Pd; ternary = Gagyp,q,Sns,Pdg; 20-13 = PdgySni3-,Ga,.
*In this sample the lattice parameters of the primarily and the secondarily grown
Ga; ,Sn,Pdy are quite similar, why the peaks overlap and accordingly the weight
fractions of the two generations cannot be distinguished. tIn these samples pri-
mary Ga; ,Sn,Pds as well as PdySny3 ,Ga, was not detected. Nevertheless, in
the Bridgman experiment QX689-A with exactly the same composition it could be
proofed in low amounts (see below and fig. . x, and yy, correspond to the melt
compositionf-]

The DTA heating curves of the experiments with starting melt compositions in
region R4 (fig. contain two endothermic signals. The first onsets are in the
region of 780°C to 810°C. These exhibit in some samples sharp signals and in others
a gradually increasing signals. The second kind of signals are in all measurements
long-lasting plateaus over a range of 150 K to 200 K. Differently from the long,
smoothly rising signals of the dissolution processes in the former regions, these
plateaus are characterized by a clear onset. The onset and the endset temperatures
seems to depend on the initial Sn and Pd contents. Experiments with higher x,
and y7]""] tend to be related to higher temperatures. The DTA cooling curves of
experiments with starting melt compositions in region R4 differ slightly. The first
exothermic signal is a sharp peak either merging into a longer plateau-like signal
or being followed by a broad flattened signal, partly with sharp onset, partly with
direct transition or with additional exothermic bulges in the plateau. According to
the texture, it is likely that these signals correspond to peritectoid decompositions,
resulting in the lamella structure that these experiments share. It seems that the
primary crystallization signal is merged with the peritectoid decomposition signal
in some cases, i.e. decomposition may follow directly after crystallization. Another
exothermic signal can be found in all curves at temperatures between 800°C (QX680-
C and QX671-B with sharp peaks) and 650°C (with flat bulges).

" According to the description (Gaj_x, Snk, )100-y, Pdy, -



3.1 Phase diagram studies in the Ga-Pd-Sn system 42

30

; exothermic

—— QX675-B, heating, 5 K/min
~~~~~~~~~~~~~ QX675-B, cooling, 5 K/min
—— QX690-C, heating, 5 K/min
‘‘‘‘‘‘‘‘‘‘‘ QX690-C, cooling, 5 K/min

QX680-C, heating, 5 K/min

QX680-C, cooling, 5 K/min
—— QX671-B, heating, 5 K/min
------------- QX671-B, cooling, 5 K/min

shifted DTA signal [uV]

-30 T T T
600 800 1000 1200

T[°C]

Figure 3.16: DTA curves of different samples from region R4. The stars mark
artefacts, known from the instrument. Thin red constructed background lines allow
better visibility of minor smooth deviations of the signal from the background.

In QX675-B (fig. R4b) primary Ga;_,Sn,Pdy could not be proven. Still,
since the texture and the DTA curve is similar to the other samples, with starting
melt compositions in region R4, it is listed here.

Figure 3.17: BSE images of QX675-B (region R4b, fig. R4b).

Bridgman experiment in region R4
In this region the Bridgman experiment QX689-A (z, = 0.50, y, = 59)E| was located
(fig. [3.18] tab. [3.7). The first two thirds (I) of the ingot display the same structure
described above: large single-crystalline needles of Ga;_,Sn,Pds (Ia) are placed
in homogeneously oriented lamellae of Sn-rich Ga;_;Sn,Pds, Gagypi4Sny,Pdy and
PdySni3 ,Ga, (Ib). The single-crystalline needles are only abundant in the first few
millimeters and the amount of Ga; ,Sn,Pd, is reduced within the first-crystallized

12 According to the description (Gaj_x, Sny, )100-y, Pdy, -
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to the later-crystallized part. PdyySn;3 ,Ga, is present in the first part only. A
sharp cut marks the transition to the next region (II) consisting of dendrites with the
same texture as the first part but with numerous, small, homogeneously distributed
Gaj_,;Sn,Pd inclusions (IIa) and fine-grained eutectic-like structures (IIb) of mainly
Gay_z5n,Pd and GagypyqaSns—,Pdg in-between. From these the Ga;_,Sn,Pd-rich
part is very fine-grained, eutectoid-like. After 1.5 mm another sharp cut follows.
The last part (III) does not display major changes of texture and phase content.
Sections IT and IIT show a high similarity to the sections III and IV of the Bridgman
experiment QX689-B of region R3, regarding the phase content, the texture and the
chronology of the different sequences. Accordingly a shared crystallization path in
the later part of both experiments is likely.

T T, e s S { B e ) i A R e i B L BT
P

W00 )/

Figure 3.18: Bridgman experiment QX689-A. The upper part is a polished longi-
tudinal section of the whole ingot. The middle part are BSE images showing the
different textures and boundaries in-between. The bottom part shows magnified
BSE images of characteristic positions. The arrows mark the positions of the BSE
images. The blue sections have been measured by XPD and the results are displayed

in tab. B.7
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area Ga;_,Sn,Pd, 1-1 ternary 20-13
according | primary secondary wiwt. %] | wwt.%] | w[wt.%]
to fig. [3.18] | wiwt. %], x | w[wt.%], zxpp

L1 |32 0533) | 27,0.63(8) 33 7

I, 2 25, 0.49(5) 75

L3 9, 0.44(5) 16 75

I, 1 40 60

II1, 2 40 58 2

Table 3.7: Phase content of the Bridgman experiment QX689-A (y, = 59, z1, = 0.50)
of the samples marked in fig. based on Rietveld refinement. The samples are
cut from the marked positions in fig. [3.18 xzxpp is calculated from the refined
lattice parameters according to the equations in section [3.3.2 = was measured by
WDX. Abbreviations: 1-1 = Ga;_,Sn,Pd; ternary = GagypyeSns ,Pdy; 20-13 =

PdsoSny3,Ga,. xp and yy, correspond to the melt compositionEr].

[ PdySny;,Ga,
[ ]1Ga,,SnpPd
B Ga,Sn,Pd,, sec.
B Ga,,Sn,Pd,, pri.
Bl G-..,.,Sn, Pd,

Figure 3.19: Visual phase distribution of the XPD analysis from the sections marked
in fig. [3.18 The values are listed in tab. [3.7]

13 According to the description (Gaj_x, Snk; )100—y, Pdy, -
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Figure 3.20: Lattice parameters of the different phases of the XPD analysis from
the sections marked in fig. [3.18

3.1.2.5 Region R5

Figure 3.21: BSE images of different examples of samples from region R5 (fig. ,
R5).

Solids crystallized from melts according to region R5 (fig. R5, tab. con-
tain the phases Ga; ,Sn,Pd, Ga; ,Sn,Pds and Gagypy,Sns ,Pdg. The samples
differ from other ones with comparable phase content because of their fine-grained
texture without signs of primary crystallization (fig. . They contain eutectic-
like structures of Gagy,i,9n4-,Pdg and a very fine-grained (smaller than 1—2 pm)
eutectoid-like fraction.
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experiment | yr, v | Ga;_;Sn,Pdy (sec.) | Ga;_,Sn,Pd | Gagypi,Sny ,Pdyg
wwt. %], xxpp w[wt. %] wlwt. %]
QX690-B 57 0.30 28, 0.47(5) 46 26
QX723 56.16 | 0.25 - - -

Table 3.8: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R5, based on Rietveld refinement. xxpp is calculated from
the refined lattice parameters according to the equations in section [3.3.2} For the
experiment QX723 only a DTA measurement was carried out. xy and y;, are related
to the initial melt composition[]

The DTA heating curves from the experiments with starting melt compositions
in region R5 (fig. have the lowest detected solidus and liquidus temperatures.
They are strongly related to that of region R3 with the difference that the last dis-
solution signal in the heating curve is missing and analogously the first exothermic
crystallization signal. Accordingly, the heating curves contain three endothermic
signals at ~ 800°C, ~ 850°C and 880—900°C where signs of a double peak can be
found. The DTA cooling curves contain three exothermic signals for both experi-
ments. The first onset is at = 900°C in the curves of both experiments. The second
exothermic signals are flat bulges, differing for both experiments and occurring at
~ 770°C (QX690-B) and ~ 730°C (QX723), respectively. The last exothermic cool-
ing peaks are sharp strong signals occurring at ~ 680°C (QX723) and ~ 640°C
(QX690-B).

; exothermic
20 -

10

shifted DTA signal [uV]
o

-10 4

—— QX723_1, heating, 5 K/min
------------- QX723_1, cooling, 5 K/min
QX690-B, heating, 5 K/min

207 QX690-B, cooling, 5 K/min

600 800 1000
T[°C]

Figure 3.22: DTA curves of different samples from region R5. The stars mark
artefacts, known from the instrument.

14 According to the description (Gaj_x, Snx; )100-y, Pdy; -
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3.1.2.6 Region R6

Figure 3.23: BSE images of examples of samples from region R6 (fig. R6). a)
QX705-A, b) QX642-B.

Solids crystallized from melts according to region R6 (fig. , R6, tab. contain
the phases Ga;_,Sn,Pds, Ga;_,Sn,Pd and Gagy,i,Sns ,Pdg. Their texture (fig.
3.23)) is uniform throughout the samples. QX705-A has a very disperse, fine-grained
texture with grain sizes smaller than 1-2 pm. QX642-B also has a fine-grained
structure, but with grains of several micrometers in size, large enough to be measured
by WDX. Although Ga; ,Sn,Pdy was detected by XPD, it could not be found by
BSE imaging or WDX measurements. However, since the BSE image display only a
cross section, phases/grains might be hidden in another part of the sample, especially
if being present only in small amounts.

experiment | yr, x| Ga;_,Sn,Pdy (sec.) | Ga;_,Sn,Pd | GagypyeSny_,Pdg
wlwt. %], zxpp w[wt. %) wlwt. %)

QX642-B | 53.1 | 0.21 3, 0.36(5) 64 33

QX705-A 55 | 0.20 27, 0.48(5) 62 11

Table 3.9: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R6, based on Rietveld refinement. xxpp is calculated from
the refined lattice parameters according to the equations in section yr, and zp,
relate to the melt composition™]

The DTA heating curves of the two experiments of region R6 (fig. [3.24)) differ,
so that a relation of the crystallization paths cannot be assumed.

15 According to the description (Gaj_x, Snx; )100-y, Pdy; -
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Figure 3.24: DTA curves of different samples from region R6. The stars mark
artefacts, known from the instrument.

3.1.2.7 Region R7
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Figure 3.25: BSE images of different examples of samples from region R7 (fig. ,
R7). The Roman numerals I and II mark different repeating paragenetic sequences
(or phases) of the texture.
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Solids crystallized from melts according to region R7 (fig. [3.2] R7, tab.
contain the phases Ga; ,Sn,Pd,, Ga; ,Sn,Pd and Gagpi,5n4 ,Pdg. The main
feature of these experiments are large (50 pm up to 2 mm), primarily grown grains
of GagypiqSny_pPdy (fig. [3.25] sequence I). These grains are strongly perforated,
most likely by peritectoid decomposition. It is clearly visible that the decompo-
sitions are arranged in a coherent manner with respect to the initial grain. The
precipitates contain different fine-grained phases (visible in fig. , b, arrow 1).
An eutectoid decomposition of the phase that previously formed in a peritectic may
be possible. The Gagy 4 ¢Sns—pPdy main grains show brightness contrasts (3.25, b,
arrow 2). Nevertheless, WDX measurements show no chemical contrasts, and ac-
cordingly orientation contrasts must be visible. The grains of Gag, p445n4-,Pdg are
embedded in a fine-grained, dispersed matrix, hinting at an eutectic solidification at
the end of the crystallization path (fig. [3.25] sequence II).

experiment | yr, | zp | Ga;_,Sn,Pdy (sec.) | Ga;_,Sn,Pd | GagypigSng ,Pdg
wwt. %], zxpp wlwt. %] wlwt. %]
QX671-A | 59 | 0.40 25, 0.47(5) 25 50
QX705-B | 55 | 0.30 2, 0.48(5) 49 49
QX680-A | 57 | 0.35 12, 0.48(5) 36 52
QX680-B | 57 | 0.45 2,0.47(5) 19 79
QX696-C | 57 | 0.45 <1 29 71

Table 3.10: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R7, based on Rietveld refinement. xxpp is calculated from
the refined lattice parameters according to the equations in section [3.3.2l In the
case of QX696-C “< 17 means that the highest peaks at the typical positions of
Ga; ,Sn,Pdy are present, but in such low intensity that adequate refinement is not
possible. y;, and xj, relate to the melt composition[l;g].

The DTA heating curves from these experiments (fig. contain two endother-
mic signals (QX671-A has additional peaks). The first and the second endothermic
signals are shared by all curves at ~ 800°C and ~ 870°C. The second merges into a
longer dissolution process over a range of 50—100 K. In the case of QX671-A an ad-
ditional signal at 850°C is present. Furthermore, at &~ 940°C, another endothermic
peak arises in the above-mentioned plateau. The DTA cooling curves from the ex-
periments in this region differ and exhibit between two and four exothermic signals.
The first cooling signals vary (according to the respective liquidus temperature).
The measured curves of all experiments share a signal in the range between 890°C
and 870°C (here is the onset of the second peak during heating). Furthermore,
signals of different curves accumulate at temperatures of ~ 760°C and ~ 630°C.

16 According to the description (Gaj_x, Snk, )100—y, Pdy, -
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Figure 3.26: DTA curves of different samples from region R7. The stars mark arte-
facts, known from the instrument. Thin red constructed background lines allow
better visibility of dissolution processes. For the cooling curve of QX705-B a back-
ground subtraction by a manual B-spline fit was performed since the curve was very
steep.
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3.1.2.8 Region R8

Figure 3.27: a,b) BSE images of QX671-C and c¢,d) BSE images of QX705-C from
region R8 (fig. R8). The Roman numerals I and II mark different repeating
paragenetic sequences (or phases) of the texture.

Region R8 (fig. , RS, tab. is a rather inconsistent group, which is mainly
constituted by the phase content and by the DTA curves to a lesser extend. The
textures of the different experiments differ from each other. All experiments from
region R8 contain the phases Ga;_,Sn,Pd, Gagypy,5n4-—,Pdg and PdyySnys—,Ga,.
Consequently, these are experiments that are not related to the primary crystal-
lization area of Ga; ,Sn,Pd,. The sample QX671-C contains grains of primarily
grown Gagipq,9n4 ,Pdg (up to 1 mm). These grains may be strongly striped but
also homogeneous single-phase grains of Gagt 4,514 ,Pdg occur (fig. [3.27] stars).
Different homogeneous grains may have differences in their respective chemical com-
position. Darker grains have the average composition Pdsg g(2)Sna.6(2)Gaig.gz) while
lighter grains have the composition Pdsg.g(1)Snas.79)Gaisas). The framed area in
fig. a, shows striped zones, extending over lighter and darker areas with
the stripes following a uniform orientation. WDX measurements show chemical
contrasts within the stripes (fig. [3.28). While changes in the Pd content are
minor, the Sn and Ga contents differ strongly. The bright stripes have a aver-
age composition of Pdg.3(3)Sn30.1(4)Gasgeg), while the dark stripes are composed
of Pdsg.8(3)Sn24.4(2)Gaiss(5). Consequently, the brighter phase can be assigned to
PdySni3-,Ga, while the darker one is GagypteSns—,Pdg. The gaps between the
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grains, or the striped areas, are filled with fine-grained, dispersed multiphase ma-
terial (fig. arrow 1). The sample QX705-C has large (up to 1 mm), partly
strongly dendritically grown grains of Gas,1,5n4-,Pdg. Those are strongly perfo-
rated by precipitates (fig. m, sequence I). The spacings consist of a multiphase,
dispersed matrix (fig. , sequence II), which is mostly very fine-grained, but
sometimes also shows coarser regulated structures that remind more of an eutectic
(fig. arrow 2). The experiment QX675-C (fig. has a texture from which
information on the crystallization path is difficult to draw. The complete sample
shows no single-crystalline area.

experiment | y, | zr | Ga;_;Sn,Pd | Gagypi,Sny ,Pdg | PdaoSnis ,Ga,
wlwt. %] wlwt. %] wlwt. %]
QX705-C | 55| 0.40 47 31 22
QX671-C | 59 | 0.60 12 67 21
QX675-C | 56 | 0.50 35 28 37

Table 3.11: Phase content of the equilibrium-cooling experiments of starting melt
compositions in region R8, based on Rietveld refinement. y; and xj relate to the
melt composition '}
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Figure 3.28: WDX line measurement in QX671-C (position marked in fig. 3.27, b).

17 According to the description (Gaj_x, Snx; )100-y; Pdy; -
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Figure 3.29: BSE images of QX675-C.

The DTA heating curves of all experiments in region R8 (fig. are roughly
similar and each contains two prominent signals. The first endothermic onset shared
by all experiments is at ~ 780°C. At onsets between 850°C and 860°C the second,
larger peaks appear. These transition into dissolution processes, ending at different
temperatures. In contrast to the heating curves, the DTA cooling curves have few

similarities.

20

* exothermic
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------------- QX671-C, cooling, 5 K/min
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Figure 3.30: DTA curves of different samples from region R8. The stars mark arte-
facts, known from the instrument. Thin red constructed background lines allow
better visibility of dissolution processes. For the cooling curve of QX705-C a back-
ground subtraction by a manual B-spline fit was performed since the curve was very

steep.
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3.1.2.9 Region R9

Figure 3.31: BSE images of QX681-F from Region RO.

The experiment QX681-F is the only one that solidified from a melt according to
region R9 (fig. R9). The ingot contains the phases Ga; ,Sn,Pd, PdSn; ,Ga,
and PdyoSni3 ,Ga, (tab. . Accordingly, it is the only sample from this series
containing PdSn; ,Ga,. The texture is likely to be eutectic. Regarding the phase
content, the experiment has no relationship to the earlier regions R1-RS.

experiment | ¥y, rr | Ga;_,Sn,Pd | PdSn;_,Ga, | PdyySni3_,Ga,
wlwt. %] w[wt. %) wlwt. %)
QX681-F | 52.75 | 0.40 64 10 26

Table 3.12: Phase content of the equilibrium-cooling experiments of region R9, based
on Rietveld refinement. y; and z;, relate to the melt composition™}

3.1.3 Thermal investigations

The main aim, to acquire the liquidus temperatures for certain compositions , i.e. to
get an idea of the liquidus surface of primary crystallization region of Ga; ,Sn,Pd,,
could be achieved successfully. The knowledge about the liquidus surface reduces
time and effort when the seeding temperature in the Czochralski apparatus is deter-
mined as described in section [2.2.5] Fig. [3.32] shows the temperatures where certain
compositions start to solidify, measured by Differential thermal analysis (DTA).
From these data points a liquidus surface is constructed. In addition, data points
from the literature were plotted on the binary Ga-Pd line. It can be summarised
that the Pd content has the greatest influence on the liquidus temperature, but
the overall relationship cannot be simplified and depends significantly on the Sn
content. Furthermore, there are two temperature minima in the investigated area.
One is between the compositions Gagg 76Pds6.169011.07 and Gagg.1Pds7Sni29 and the
other one is close to the composition Gag;Pds55n;5. Possible solidification areas and
crystallization paths will be discussed later.

18 According to the description (Gay x, Sn, )100-y, Pdy, -
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Figure 3.32: Constructed liquidus surface of all samples, measured by DTA in the
vicinity of the (Ga,Sn)-rich side of the primary solidification area of Ga; ,Sn,Pds.
The points show the starting compositions of the experiments. Experiments with
melt compositions that are marked in grey, result in the primary crystallization
of Ga;_,Sn,Pdy. The grey lines show the tie—lineﬁ. The stability regions of the
different phases (yellow) as well as their tie-trianglef”((orange) are published by [18]
and refer to the temperature of 500°C. The liquidus temperatures on the binary
Ga-Pd line, marked with yellow stars, are taken from [23].

The figs. and show the data points of the onsets (and if useful also
endsets) of the DTA signals of all evaluated DTA heating and cooling curves around
the presumed primary solidification area of Ga; ,Sn,Pd,. In the heating curves
(fig. the last endsets correspond to the temperatures where the sample was
completely dissolved, i.e. the respective solidus temperatures. Most of these “last
endset” signals are the end of long-lasting dissolution processes, starting up to 200
K earlier, as shown in the DTA curves of the previous sections [3.1.2.143.1.2.8| (e.g.
figs , and .

Signals called “first onsets” in the cooling curves (fig. [3.34)) correspond to the
liquidus temperatures of the respective composition. Most onsets of further signals
in the heating and cooling curves at lower temperatures except those corresponding
to the liquidus or the solidus temperatures are not randomly distributed but are
accumulated at certain temperatures or in lines. This indicates that many com-
positions share specific events at certain temperatures in the crystallization paths.
Such events may be invariant points like eutectics and eutectoids or in the case of
accumulations with temperature gradients peritectoid reactions. During heating of
the DTA samples a first endothermic reaction takes place at =~ 800°C for experi-
ments with initial Sn content of 0.2 < z; < 0.6 E indicating that most of these

9Tje-lines connect the composition of the melt with the solid being in equilibrium with it.
20Tje-triangles connect the three phases that are in equilibrium [42].
21 According to the description (Gaj_x, Sny, )100-y, Pdy, -
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experiments share the same event in the phase diagram. Heating further a second
shared exothermic reaction takes place at temperatures of ~ 900-950°C and finally
the dissolution process of the first-to-freeze phase starts. Exceptions are eutectic
compositions, indicated by sharp singular peaks.

During cooling, after the crystallization of the first phase, most experiments
share endothermic reactions in the region of ~ 900-950°C. At ~ 900°C the eutectic
is expected. Events above 900°C and below 950°C are either peritectic or quasi-
peritectic reactions or peritectoid decompositions. Details are discussed in section
4.1.2| During further cooling, accumulated exothermic reactions take place at ~
800°C in experiments with initial Sn contents of 0.3 < =z, < 0.5. In the case of
experiments with x; < 0.3, the onset temperatures decrease with decreasing xy,
until ~ 620°C.
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Figure 3.33: Onsets and the last endsets of all endothermic signals of all evaluated
DTA heating curves.
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Figure 3.34: Onsets of all exothermic signals of all evaluated DTA cooling curves.
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3.1.4 Phase properties
3.1.4.1 Gal_mSndez

Primarily crystallized Ga;_,Sn,Pd-

Gay_,Sn,Pd, crystallizes primarily in melts with initial Sn contents of x;, < 0.6
F_Zl The Pd-rich boundary of the primary solidification area was not investigated
for practical reasons. The Pd-poor limit varies between 55 < y; < 59 ¥4 in
the initial melt. The melt compositions of experiments with primarily crystallized
Ga;_;5n,Pdy can be seen in the figs. and where tie-lined”] are shown. The
maximum crystallized weight fraction w of the phase varied in the studied region
(55 < yr < 62) is between w = 76 wt.% (QX663-B) and w = 0 wt.% at the edge of
the primary solidification region. This shows that small changes in the Pd content
in the initial melt cause large changes in the amount of Ga; ,Sn,Pd, crystallizing.

w(Ga,,Sn,Pd,) [wt.%]
E30<w=s73

I

<+— Ga[at. %]

Figure 3.35: Part of Gibbs triangle, showing the distribution of the weight fraction,
w, of primarily crystallized Ga; ,Sn,Pds, depending on the initial melt composition.
In order to make the scale more descriptive, the purple area with very high w values
has been separated graphically. The red triangle marks experiment QX663-B, which
has the highest measured weight fraction, w, of Ga;_,Sn,Pdy (w = 73 wt.%) within
these phase diagram studies. The points mark the starting compositions of the
experiments. Grey-filled starting compositions result in the primary crystallization
of Ga; ,Sn,Pdy. The stability regions of the different phases drawn in yellow, are
published by [18] and refer to the temperature of 500°C. The weight fractions on
the binary Ga-Pd line, marked with yellow stars, are based on [23].

A crucial result for the estimation of the composition for the Czochralski crystal

22 According to the description (Gaj_x, Snx; )100-y; Pdy; -
23Tje-lines connect the composition of the melt with the solid being in equilibrium with it.
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growth of Ga; ,Sn,Pds, is that x shows a linear dependence on xy, @ and the pseu-
dobinary segregation, k* is approximately 1 in the equilibrium-cooling experiments
(fig. . Additionally, the Pd content in the melt, 3, has no significant influence
on the segregation in the investigated region. Accordingly, for the calculation of the
melt composition for later Czochralski experiments, no pseudobinary Ga-Sn segre-
gation was taken into account, but only the ratio between (Ga,Sn) and Pd. Within
the precision of the WDX measurements no clear relation between the Pd content
in the crystal and in the melt, y and ¥y, could be established.

In the polycrystalline pre-experiments, primarily grown Ga; ,Sn,Pds grains
were analysed by XPD and WDX measurements. They prove that all lattice param-
eters a,b and ¢ increase with increasing Sn content, x, in the crystal. With more
precise data of the Czochralski-grown crystals these values were refined (section
3.3.2). From the data gained in section m the Sn content, x, can be calculated
from the lattice parameters. This is important to get information on z in crystals
that are too small to be measured by WDX (e.g. Ga;_,Sn,Pds, formed in an eu-
tectoid). In order to review the quality of the calculation procedure, the calculated
Sn contents, xxpp, were plotted against the measured x of the primarily formed
Gay_,Sn,Pdy grains (fig. . The plot shows that the xxpp values gained from
XPD are correct within the range of the error, but tend to be slightly higher than
those measured by WDX. Fig. [3.39 indicates a correlation of the measured amount
of Sn substituting Ga in the crystal, x, and the measured amount of Pd, y meaning
that crystals with higher Sn contents may contain higher Pd contents.

x in the solid

. . — .
0.0 0.1 0.2 0.3 0.4 0.5 0.6
x, in the liquid

Figure 3.36: The Sn content in the crystal, z, plotted against the Sn content in the
melt, 7. The given values are the pseudobinary segregation coefficients k* = i

24 According to the description (Gaj_x, Snx; )100-y, Pdy; -
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Figure 3.37: Lattice parameters, a,b and ¢, of primarily crystallized Ga; ,Sn,Pd,,

in dependence of x.
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Figure 3.38: The calculated Sn content, zx pp, from XPD data (as described in sec-
tion [3.3.2)), plotted against the measured Sn content, x, in the primarily crystallized
grains. The plot is used to estimate the precision of the calculation of zxpp.
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Figure 3.39: The Pd content in the crystal, y, measured by WDX and plotted
against the Sn content in the crystal, x. The grey dotted line shows the Pd content
in stoichiometric GaPd,.

Secondarily crystallized Ga;_,Sn,Pd,

Secondarily formed Ga;_,Sn,Pd, is either finely distributed as a component of an
eutectoid or, especially at higher x, it occurs as lamellae next to Gagyp445n4—,Pdg
and PdygSni3 ,Ga,. It is mostly present in experiments with starting compositions
in the region of z; = 0.2 and y;, = 58 E (fig. . The weight fraction, w, of
secondary Gay ,Sn,Pd, decreases to experiments with higher x; and vanishes at
xr > 0.5. However, in experiments of melts with x; = 0.7 the phase is present
again. In that region the above-mentioned lamellae with GagypyaSn4—,Pdg and
PdyoSni3 ,Ga, occur. It can therefore be assumed that Ga; ,Sn,Pds,, has a different
origin between melts with x; < 0.5 and z; = 0.7 with respect to the crystallization
path.

25 According to the description (Gaj_x, Snx; )100-y; Pdy; -
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Figure 3.40: Part of Gibbs triangle, showing the distribution of the weight fraction,
w, of secondarily formed Ga; ,Sn,Pd,, depending on the initial melt composition.
The grey and white points are the starting compositions of the experiments. Grey-
filled experiments result in the primary crystallization of Ga; ,Sn,Pdy. The stability
regions of the different phases, drawn in yellow, are published by [18] and refer to
the temperature of 500°C. The weight fractions on the binary Ga-Pd line, marked
with yellow stars, are based on [23].

WDX measurements of the chemical composition of the individual grains of sec-
ondarily formed Ga; ,Sn,Pdsy are not possible in most cases since the phase is dis-
tributed finely. The diameter of the excitation volume of the electron beam exceeds
the respective grain sizes, resulting in averaged compositions with the neighbouring
phases. As mentioned in the previous section [3.1.4.1] the refinement of the lattice
parameters and the calculation of zxpp from these, according to the equations in
section|3.3.2| was a powerful tool to estimate the composition of the secondary formed
Ga; ,Sn,Pd,. Fig. shows that the calculated Sn content, xxpp, occurs only
in three values. Most experiments contain secondary Ga; ,Sn,Pds with the com-
position xxpp = 0.47(5) with the lattice parameters a = 5.6(1) A, b = 4.1(1)
A and ¢ = 8.0(1) A. Due to the small number of values, other compositions
(xxpp = 0.27(5),0.64(5)) are not statistically reliable. Nevertheless, due to the
texture and the large differences of xxpp, it is clear that there must be three differ-
ent origins for secondary Ga; ,Sn,Pds.
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Figure 3.41: xxpp, plotted against x of secondary Ga; ,Sn,Pds. zxpp is calcu-
lated from the refined lattice parameters, according to the equations in section |3.3.2]

3.1.4.2 Ga2+p+an4,deg

Gagypygony ,Pdy is very common in all experiments and shows the greatest dif-
ferences in its textures. It occurs primarily grown as larger grains (usually decom-
posed) and dendrites, as fine dendrites and dendritic stars in eutectic textures and
also fine-grained, dispersed as a component of an eutectoid. It frequently occurs
in larger amounts, grown together with Ga; ,Sn,Pds; on a three-phase coexistence
line and also in a lamella-like decomposition structures together with Ga; ,Sn,Pd,
and PdyySniz ,Ga,. Fig. shows that the Gagy,i,Sns ,Pdg contents in the
experiments increase from low Sn and Pd to high Sn and Pd contents in the ini-
tial melts. The highest weight fractions of the phase can be observed in experi-
ments with 0.5 < xp < 0.6 and 58 < y;, < 62 @ in the starting composition
(Gay_x,Sny, )100-y, Pdy,. The blue pentagons indicate that most of the measured
compositions for this phase are located in this area as well. It can be seen that
GagptqSn4—pPdg was measured with a larger stability field, compared to the pub-
lished one at 500°C [I8]. The blue pentagons do not represent all present composi-
tions, since eutectoid grain sizes are too small to be measured properly by WDX.
Only compositions of grains large enough to be measured are shown. Fig. [3.43
shows that the lattice parameter a decreases with the measured Ga content and
increases with the measured Sn content, while there is almost no relation to the Pd
content. Ga and Sn accordingly substitute each other.

In some grains WDX measurements indicate a Sn gradient (also visible in
plateau-like or asymmetric XPD peaks). The Sn content decreases along the growth
directions of the individual grains, meaning there is a depletion of Sn in the melt,
indicating the segregation coefficient for Sn being larger than 1.

26 According to the description (Gaj_x, Sny, )100-y, Pdy, -
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Figure 3.42: Part of Gibbs triangle, showing the distribution of the weight fraction,
w, of GagypteSn4 ,Pdg, depending on the initial melt composition. Blue pentagons
show the measured compositions of Gagypy,5n4-,Pdg. The grey and white points
are the starting compositions of the experiments. Grey-filled experiments result in
the primary crystallization of Ga;_,Sn,Pds. The stability regions of the different
phases drawn in yellow are published by [18] and refer to the temperature of 500°C.
The weight fractions on the binary Ga-Pd line, marked with yellow stars, are based

on [23].
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Figure 3.43: The refined lattice parameters of Gas,1,5n4 ,Pdy, gained from XPD
measurements, plotted against the Ga, Pd and Sn contents ( ngq, nps and ngy,),
measured by WDX. The dotted lines are linear trend lines
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3.1.4.3 Ga;_,Sn,Pd

In these studies only Ga; ,Sn,Pd is regarded, that was formed secondarily in the
vicinity of the (Ga,Sn)-rich primary crystallization region of Ga; ,Sn,Pd,. Studies
on primarily crystallized Ga; ,Sn,Pd have already been elaborated and published
[261-28]. The following is a brief summary of the most important conclusions of these
studies

e From melts with the composition (Gay_y, Sny, )100-y, Pdy,, Ga;_,Sn,Pd may
crystallize primarily with Sn contents of z;, < 0.9. This applies to the Pd
content 45 < gy, < 50.

e The crystallization of Ga; ,Sn,Pd has a high pseudobinary segregation with
Sn as the excess component and a low pseudobinary segregation coefficient of

k* =0.3.

e The Pd content in the melt, yy,, influences the pseudobinary segregation co-
efficient, k*. From melts with the same initial Sn content, x;, Ga;_,Sn,Pd
crystallizes with higher Sn contents, z, if the initial Pd content, y;, is higher.

e Ga; ,Sn,Pd has a low structural limit for the substitution of Ga by Sn at
x = 0.15, corresponding to initial melts with x; = 0.4. That means from
melts with 0.4 < xp < 0.9 no larger Sn content than z = 0.15 will be
achieved, even though the limit for crystal growth is at x; = 0.9.

e Below the structural limit, x = 0.15, for the substitution of Ga by Sn in
Ga; ,Sn,Pd, z rises linearly in dependence of the initial Sn content xj .

e The lattice parameter @ increases linearly with increasing z, from 4.90 A to
4.95 A, where the structural limit is reached (fig. 3.45)).

In the area of the (Ga,Sn)-rich side of the primary solidification region of
Ga;_,Sn,Pdy, secondary Ga;_ ,Sn,Pd occurs in almost all experiments. Excep-
tions are only experiments with both, very high Sn and Pd fractions (z; > 0.6,
yr, > 61). In the investigated area Ga;_,Sn,Pd could not be observed to grow on
a three-phase coexistence line, but is always formed either in an eutectic or even
more often as a component of an eutectoid or by other solid-state decompositions of
other phases. Since Ga; ,Sn,Pd grains are always fine-grained, chemical analyses
by WDX were only possible in few cases.

Fig. [3.44] a shows the lattice parameters of secondary formed Ga;_,Sn,Pd
gained from XPD measurements and Rietveld refinement. It is noticeable that the
lattice parameters accumulate in three different sizes, at a; = 4.90(1) A, ay = 4.92(1)
A and as = 4.93(1) A (The two data points with lattice parameters of 4.95(1) A
are from compositions where the phase crystallizes primarily). This indicates three
different origins for the formation of secondary Ga; ,Sn,Pd in these experiments.
Fig. [3.44] b, shows the deviation of the size of the lattice parameters, related to
starting compositions of the experiments in the Gibbs triangle. Fig. shows the
lattice parameters, fitted against the Sn content, x, according to [26]. This allows a
calculation of the Sn contents from the lattice parameters. From this fit a; = 4.90(1)
A is assigned to Gag,gg(g)SHQVOQ(Q)Pd), Ao — 492(1) A to Gao,gg(g)sno,ong)Pd and
ag = 493(1) A to Gaolgg(g)sno‘n(g)Pd.
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Figure 3.44: a) Lattice parameter a of secondarily formed Ga; ,Sn,Pd, plotted
against the Sn contents of the initial melts, z/%7] The marked data point (*)
can be assigned to experiments that belong to the primary crystallization area of
Ga; ,Sn,Pd. b) Part of Gibbs triangle, showing the deviation of the size of the
lattice parameter a, depending on the initial melt composition from which the re-
spective samples originate. The black dots give the composition of each experiment,
containing secondary Ga;_,Sn,Pd.
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Figure 3.45: Lattice parameters of primarily grown Ga;_,Sn,Pd changed after [26].
The equation describes the added linear fit. The value for x = 0 was taken from
literature [12].

3.1.4.4 szoSl’l13_mGam

In the investigated region, PdygSni3 ,Ga, appears secondarily in experiments with
compositions shown in fig. [3.46l Only few compositions could be measured by
WDX (indicated by green hexagons). Some of them are outside the 500°C stability

27 According to the description (Gaj_x, Snx; )100-y; Pdy; -
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region published by [18]. Fig. m shows an increase of the lattice parameter ¢ with
increasing lattice parameter a, indicating chemical differences in PdySny3 ,Ga, be-
tween the measured samples. However, only a few compositions could be measured,
from which conclusions must be handled carefully. A rough tendency is that both
lattice parameters a and c increase with increasing measured Sn content, ng,, while
they decrease with increasing Ga content, ng, (fig. . It can be seen that the Pd
content, npq, is roughly constant in the measured samples, and accordingly there is
no relation between npgq and the lattice parameters.

+«— Ga [at.%] w(PdySn,,,Ga,) [Wt:-/ca]
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Figure 3.46: Part of Gibbs triangle, showing the distribution of the weight fraction
w of PdypSny3 ,Ga,, depending on the initial melt composition. Green hexagons
show the measured compositions of PdygSnis ,Ga,. The grey and white points are
the starting compositions of the experiments. Grey-filled experiments result in the
primary crystallization of Ga; ,Sn,Pds. The stability regions of the different phases
drawn in yellow are published by [I8] and refer to the temperature of 500°C.
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Figure 3.47: Lattice parameters a and ¢ of PdySny3 ,Ga, plotted against each
other. The values are gained from Rietveld refinement of XPD measurements of the
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3.2 Single crystal growth

3.2.1 Single crystal growth of Ga;_ ,Sn,Pd->
3.2.1.1 Single crystal growth

During the experimental determination of the seeding temperature, as described
in [section 2.2.3] supercooling of typically 20 K and sometimes up to 45 K could
be observed. The search for the seeding temperature proved to be challenging, as
crystallites were not always visible and only small tips could be observed at the
melt surface. It was found that the behaviour of the few oxide flakes, floating
on the surface, was a good indicator for nucleation: When supercooling collapsed,
they either suddenly moved to the outer part of the melt surface, or are fixed on
the surface also when ACRT is applied. To find the seeding temperature slow
heating until the last crystal is dissolved is the common procedure. However, strong
supercooling did not allow slow heating rates, because otherwise hours or even days
would be necessary to reach the seeding temperature. For this reason, after the
supercooling had collapsed, heating was initially carried out at faster rates of up to 20
K/h and the ramp of the heating rate was reduced in stages until the usual rate of 2
K/h was finally achieved. If the heating ramp was reduced too early, the search went
on for hours, or if it was reduced too late, the correct temperature for seeding was
missed. During heating in stages shortly before the seeding temperature was reached,
the few oxide flakes began to move freely on the surface. Furthermore, in the ACRT
mode, small crystallites started to appear as tips on the surface. Both cases did not
always occur, and therefore the seeding temperature was sometimes chosen too low.
Since overheating was carried out between the search for the liquidus temperature
and the actual seeding, the problem is minor because any spontaneously formed
nuclei in the melt dissolve. If seeding is carried out with too low temperatures,
the crystal starts to grow fast (mostly laterally). In such cases, the setpoint (SP)
temperature was corrected manually in small steps, until the crystal was dissolved
to the diameter of the seed tip.

The pre-treatment of the starting materials proved to be successful, allowing
seeding on a shiny metallic surface without an oxide layer despite few oxide flakes.
The metallic melts always snapped to the seed, wetting its tip properly (fig. ,
a). Compared to other intermetallic phases, the crystal growth of Ga; ,Sn,Pds
behaved relatively stable. In accordance, reactions to changes of the 7' program
were slow and late to be seen, which turned out to be a disadvantage. Especially
during the first millimeters too high or too low temperatures could be noticed late.
Usually a deviation of the equilibrium temperature leads either to visible lateral
growth or a visible dissolution of the seed. In both cases, it can be reacted early
enough. In the case of Ga; ,Sn,Pd,, if the temperatures were too high, the sep-
aration between the crystal and the seed occurred after hours and unexpectedly,
although a stable impression was obtained. A dissolution of the seed could never
be observed and in some cases the separation between seed and crystal occurred
during pulling even though in earlier stages the diameter of the seed had already
increased slightly (fig. [3.50} ¢). This led to a time loss of days. If the temperature
was too low, invisible lateral growth occurred. It is unclear whether the reflection
of the crystal and the melt were identical so that the crystal could not be seen,
or whether the melt wetted the crystal’s surface in the initial stages. The lateral



3.2 Single crystal growth 69

growth only became apparent after some time, when tips (edges of facets or ridges)
were visible in the melt, a few millimeters away from the seed or after the first few
micrometers of pulling (fig. , b). In such cases, the crystal had to be dissolved
back to an adequate diameter. As the growth proceeded, the optical conditions re-
mained difficult and the phase boundary, the meniscus and the development of the
diameter remained practically invisible (figs. , d—h). Therefore, it was difficult
to get the crystal into the desired cylindrical shape, because diameter changes or
the effects of temperature program adaptions became noticeable hours to days later.
The use of shortpass filters improved the optical conditions at temperatures around
1050—1200°C significantly (figs. ,h,i). Furthermore, the experience gained from
previous experiments played an increasingly important role in successful crystal
shapes of later experiments. The rotation of crystal and melt was kept low during
the seeding process (crystal: 10 rpm, melt: counter rotating 5 rpm) and after equi-
librium was established and growth was started, the rotation rates were increased
to 20—30 rpm for the crystal and 8 rpm for the crucible.

The very fist crystal (QX649-1I, x = 0.1) has trapped mother liquid inclusions
already within the first millimeters (fig. at a pulling rate of 100 pm/h. There-
fore, in later experiments the growth was started with 75 pm/h and the pulling
rates were decreased early in all later experiments after few millimeters and espe-
cially with increasing diameter. Typically, the pulling rates were reduced below 50
nm/h after the diameter reached values of 810 mm and large parts of the growth
process took place at pulling rates of 25 pm/h (fig. to avoid the trapping of
mother liquid inclusions. Accordingly, a typical growth experiment lasted around 3
weeks. The cooling ramps were regularly corrected and adjusted in accordance with
the developing diameter and adapted to changed pulling rates (visible in fig. m,
b). The cooling ramps reached maximum values of up to 0.4 K/h in the later growth
process. The target setpoint (T'SP) temperatures were reduced in a total range of
approximately 100 K during a typical growth experiment. The real temperatures
depend on factors, such as crystal shape (influencing the heat radiation from the
crystal) and crystal length (with increasing crystal length and decreasing melt level
the thermal transport changes significantly), and remain unknown, since the ther-
mocouple is placed next to the heater. The end of the experiments was initiated by
continuing the pulling and either keeping a constant SP temperature or continuing
a constant ramp. Both methods (the first faster) lead to the temperature being
higher than the liquidus temperature, causing first a diameter reduction and then a
separation of the crystal from the melt. It was observed that the separation of melt
and crystal always took place on a large area and that the diameter decrease was
minor (fig. [3.56)).
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Figure 3.49: Growth parameters of a) QX703 and b) QX684. The pulling rates do
not correspond to the growth rate, since the melt level decreases during growth.

The working setpoint temperature (WSP) shows the temperature, measured by the
thermocouple next to the heater.
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Figure 3.50: Typical situations occurring during crystal growth. a) QX674, seed,
directly after wetting. b) QX674, first small tips around the seed on the melt indicate
that the crystal is already growing laterally. ¢) QX649-111, after the first 75 pm of
growth, the crystal was separated from the melt because the growth temperature
was too high. d) QX674, shiny tips show that the crystal is growing. In this case
there is no visible contrast between melt and crystal. e) QX661, difficult visual
conditions few days after seeding. f) QX667, after a few millimeters of growth, it
becomes increasingly difficult to evaluate the development of the phase boundary.
g) QX667, first attempts to make the phase boundary more visible were black and
white images with increased contrast. An improvement compared to fig. f can be
seen, but a photo must be taken for each insight. h) QX715. i) also QX715, for
comparison a shortpass filter (in this case 525 nm cut-off wavelength) is placed in
front of the viewport and shows a significant improvement in the optical conditions.
General notes: The stripes on the crystals are the reflections of the glowing meander
heater on the shiny metallic surface. In the lower part, the crystals seem to shine
less because the ceramic crucible is reflected on the crystal. The same holds for the
melt where only one dark spot shows the metallic shiny surface. The dark spot is the
reflection of the hole in the heat shield where the seed holder is guided through on
the curved melt surface. In c) the reflection with the seed holder is visible without
curvature.
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Crystal m . T, k* Pulling Growth
number g] yr | (FTF)| direction | interface
QX649- 0.1,
I 0.0757(13) 61 0.76 [001] -
centre:
QX649- 0.1, concave,
o 0.0759(10) | ;" | 076 | [oo1] | SO
convex
0.2,
QX661 28 | 0.170(3) | ;i | 0850 | [o01] curved
QX667 117 | 0ams8(14) | 02 | o8 | [010] centre:
' ' 61 ' concave
0.3,
QX674 14.2 | 0.285(2) 6L5 0.95 [010] convex
0.3,
QX703 14.1 | 0.290(3) 65 0.97 [010] concave
QX715 15.0 - 03, - [100] concave
' 61.5
0.4,
QX684 17.8 | 0.397(3) 6L5 0.99 [010] concave

Table 3.13: Czochralski-grown crystals. Larger images are shown in the appendix
(figs. |A.20HA.27). The Sn content, = in Ga;_,Sn,Pds, was measured by WDX.
The value is always the average of at least 10 measuring points. The error is the
standard deviation of these points. 1) Because the melt of QX661 was refilled a low
uncertainty for xy, has to be taken into account, which also affects the pseudobinary
segregation coefficient, k* = i k* was calculated from measurements at the first-
to-freeze (FTF) parts of the crystals. x; and y; relate to the melt description,
(GalfosnXLhOO*YLPdYL‘
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Figure 3.51: a) BSE images of a (001) slice (perpendicular to the growth direction
[001]) of the very first grown single crystal QX649-11 (z = 0.1). The small box is
enlarged in b) The rim of the inclusion is slightly brighter than the surrounding
crystal due to Sn enrichment in the trapped melt and ongoing growth. The fine
needles are Gag_,Sn,Pds.

3.2.1.2 Basic investigations on the Czochralski-grown single crystals

Single crystals with the compositions of x = 0.1,0.2,0.3 and 0.4 were achieved and
their properties are listed in tab. Systematic scans with a Laue camera revealed
that all crystals are oriented like the seed crystal. Sn substitution for Ga slowly
increases along the axial direction as measured by WDX on polished longitudinal
cuts (fig. [3.53)). Within the error of the microprobe no larger radial changes of the
Sn content, x, could be measured. All crystals (except the first attempt, QX649-11,
fig. |3.51)) are inclusion-free.

Crystals pulled in [010] show an almost circular cross section, while crystals
grown in [001] partly exhibit an elliptic cross section. QX649-I1T (x = 0.1) has the
most elliptic cross section with a ratio of 1 : 1.1 ([100] : [010]). The crystals show
in most cases no facets. Only in the case of the crystal QX684 (z = 0.4, pulled in
[010]) clear facets are visible. They are a pair of two appearing four times according
to the orthorhombic symmetry(fig. [3.52). They have been indexed with a reflection
goniometer being the {101} and the {102} facets. Additionally, a fine ridge can be
observed along the whole length of the crystal facing towards the (100) directions.
Slight traces of facets and ridges are also visible on the crystal QX703 (x = 0.3,
pulled in [010]).
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Figure 3.52: Stereographic projection and image of the {101} and the {102} facets
of the crystal QX684. On the upper right part of the crystal a growth ridge is visible
as a thin line.

Several crystals show brightness contrasts in BSE images of single-crystalline
slabs. Fig. [3.56] d shows lines in the crystal which separate areas of different
brightnesses. WDX line measurements across these lines do not indicate a chemical
gradient or difference, why the only remaining reason can be an orientation contrast.
Further investigations by Laue scanning, rocking curve analysis, EBSD and XRT
are presented in later sections.
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Figure 3.53: WDX measurements along the axis of different crystals. z describes
the distance from the seed or the first-to-freeze part, respectively. The error bar
for every point is the standard deviation of at least 10 measurement points. The
QX684 curve is a line stage measurement, smoothed with a Savitzky—Golay filter.

In fig. the segregation of Sn, measured in the first-to-freeze part of the



3.2 Single crystal growth 75

crystals is shown and compared to that of the pre-experiments. The pseudobinary
segregation coefficient k* seems to behave strictly linear for Czochralski experiments
in the range of 0.1 < x; < 0.4. k* rises from lower to higher x; and is almost unity,
for crystals with x;, = 0.4. k* of the pre-experiments has a higher experimental error,
which is why the Czochralski experiments, grown under near-equilibrium conditions
and easier and more precise to measure, are considered more meaningful.
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Figure 3.54: The Sn content in the crystal x plotted against the Sn content in the
melt z;, as in fig. [3.36] but extended by the data of Czochralski-grown crystals.
The grey line is unity and the values are the pseudobinary segregation coefficients
k* = £, x was measured by ICP-OES or WDX.

TL

Fig. [3.55] shows the relation between the measured Pd contents y and the Sn
contents, x, in the Czochralski-grown crystals, compared to the same relations in
primarily grown grains of Ga; ,Sn,Pd, in the pre-experiments. The positive linear
correlation recognisable in the pre-experiments can also be found in the Czochralski-
grown crystals. However, the Pd content in Czochralski grown crystals is generally
higher compared to that of the pre-experiments. Since the initial Pd contents y;,
have been chosen higher in the Czochralski experiments, it can be concluded that
higher initial Pd contents in the melt lead to higher Pd contents in the crystals.
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Figure 3.55: Relation between the measured Pd contents, y, and the Sn contents,
x, in different crystals. The figure is similar to fig. [3.39] but extended by the
measurement data from the Czochralski-grown crystals.

The growth interfaces are different, concave or convex or a combination of both
(fig. 13.56). Their radius is determined graphically by analysing BSE images of
longitudinal cuts of the crystals. The surface of a sphere was used to fit the growth
interface of the crystals. The radius is only an approximation since the growth
interface always deviates slightly from a spherical cap. Since some crystal slabs
are not cut out of the centre of the crystal, a correction of the determined radius
is applied. A dependence of the shape of the growth interface from the crystal’s
length, its total mass, its pulling direction, its pulling rate, the rotation speed and
xg or yo was not found. Crystals with a larger diameter tend to have an increased
tendency to a concave growth interface. Likely, the actual diameter development
is related to the growth interface: Crystals separated from the melt in a state of
increasing diameter always have a convex phase boundary (figs. , b, d), while
crystals separated in the state of decreasing diameter have a concave interface (fig.
a, ¢, ). Furthermore, there are cases, where the interface is constructed of an
convex outer part and a concave inner part (fig. [3.56] a) as well as cases of curved
interfaces combining convex and concave elements (fig. [3.56] b). It can also be seen
that cracks reach partially from the solidified residual melt sticking to the crystal
up to 2 mm into the crystal (figs. , d, e, and . These images also show the
presence of small pits, sometimes accompanied by small outgrowths, in the solidified
growth interface. The BSE images show that lines with brightness contrasts, visible
in the crystals, frequently are accompanied by these pits (fig. [3.57). These lines
visible in the BSE images are further addressed in the sections [3.3.313.4]
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Figure 3.56: Composed images of the growth interfaces of the crystals a) QX649-111
(x = 0.1, (010) slice), b) QX661 (z = 0.2, (010) slice), ¢) QX667 (z = 0.2, (001)
slice), d) QX674 (z = 0.3, (100) slice) and e) QX684 (z = 0.4, (100) slice). a),
b) and d) are BSE images, ¢) and e) are incident light microscope images. All
crystals have a multi phase region attached to the growth interface, which is caused
by residual melt, sticking to the crystal after separating it from the melt. e) Cracks
starting from the multiphase area may reach 1—2 mm into the crystal (On the left
side a piece broke off, due to these cracks). Lines in the crystals where a brightness
contrast is visible in the BSE images, are marked with blue arrows. Lines that are
not marked with blue arrows result from the assembling of different images.
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Figure 3.57: More detailed view of the pits and outgrowths in fig[3.56, d. The black
arrows mark positions, where lines with brightness contrasts in BSE images clearly
end in a pit in the growth interface. The black hollow arrows indicate further
pits in the growth interface. The grey arrows mark cracks that reach from the
polycrystalline residual melt up to 500 pm into the crystal.
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Figure 3.58: DTA heating curves of single-crystalline pieces with different Sn con-
tents, x, grown from xy = 0.1,0.2,0.3 and 0.4 and almost constant Pd contents,
61 < yr < 615

DTA measurements with pieces of crystals with different Sn contents, x, show
that the solidus temperatures decrease with increasing x (fig. [3.58). The intensities
of the signals have no meaning here, since they depend on the masses of the measured
samples.

28 According to the description (Gai_x, Sny, )100-y, Pdy, -
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3.2.2 Single crystal growth of Ga;_,Sn,Pd

The crystal growth of Ga; ,Sn,Pd has already been described in detail [26] 27].
However, a further experiment was conducted after these studies and is pre-
sented in the following, in order to display the information, that was addition-
ally gained. While the earlier described experiments had (Ga,Sn)-rich compositions
((Ga, Sn)s5Pdys) the experiment QX676 contained (Gag75519.25)51Pdyg and accord-
ingly was located closer to an almost congruent composition. The aim was to achieve
a higher final crystal mass and to reduce the typical problems of growth from HT so-
lution, such as constitutional supercooling. However, while the crystal growth with
higher (Ga,Sn) contents proved to be as usual, the growth with lower Pd content
turned out to be extremely tricky. Achieving an equilibrium situation, i.e. the seed
being wetted by the melt without pulling for longer terms, could be only achieved
after several attempts. Even though several times after seeding a diameter increase
could be observed, a separation of the crystal from the melt occurred shortly after.
The diameter increase was not a slow radial growth as known from earlier growth
experiments of this system, but a fast radial growth of needles in a 120° angle, match-
ing the threefold symmetry of the [111] pulling axis of the seed crystal with cubic
space group P2;3. The needles grew to a length of 5—6 mm within a time scale of
several minutes to few hours. However, when slightly increasing the temperatures to
solve back in order to achieve a uniform diameter, the needles were relatively stable
while the basis of the crystal already started to dissolve. While the dendrites were
initially stable and almost unaffected at the beginning of the dissolution process,
there was always a turning point at which the needles dissolved within minutes. As
a result of the sudden dissolution, the separation of the crystal from melt took place.
After several intervals of fast dendritic, lateral growth and subsequent separation of
the seed from the melt while trying to get control of the diameter, the experiment
was cancelled. A new approach with (Ga,Sn)-richer solution ((Gag75510.25)55Pd4s5)
resulted in the as-usual crystal growth procedure, known from earlier experiments
and other intermetallic phases.
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3.3 X-ray investigations on Czochralski-grown
Ga;_;Sn Pd,

3.3.1 Non-annealed powders

In section the necessity of annealing the samples due to strong peak broad-
ening has been stated. Rietveld refinement lead to poor fits why several models for
refining strain and grain size were tested. The peak shape of the powders tended to
be rather Lorentzian than Gaussian (with the parameter Shapel = T]Tl] approaching
1, using a pseudo-Voigt function in Fullprof). Size broadening models showed better
fits than strain broadening models. Since no model could describe the powder as
a homogenous single-phase material, a combination of two fractions, one with size
broadening and one without size broadening (i.e. one nano-sized and one micro-
sized fraction) proofed to be the most appropriate approach. The best fitting model
for the nano-sized fraction, proved to be the Lorentzian isotropic size model of the
Fullprof package. Tab. shows the results. The refinement of both fractions
independently results in a fraction of 91 wt.% for the nano-sized phase and a particle
size of 26 nm. Le Bail fitting results in an intermediate grain size of 23 nm. Due to
complicated preferred orientation a Le Bail fit resulted in the best agreement fac-
tors by far. Rietveld refinement with preferred orientation was carried out, using the
March-Dollase Multi-azial function. The most pronounced texture problems were
peaks of the [010] zone, i.e. the h0l peaks. These showed increased intensities while
the 0k0 peaks showed missing intensities. From that needle-like breaking behaviour
perpendicular to the [010] direction can be concluded. Furthermore, the peaks 100
and 210 (and multiples) showed a platy-like habitus. Further texture effects seem
to be present but could not be clearly identified due to their complicated manner.

Refinement | Ry, Rup, Rexp, X> | nano-sized fraction | size
Le Bail | 7.06, 7.64, 6.51, 1.38. * 23 nm
Rietveld | 12.8, 14.7, 6.61, 4.96 91 m.% 26 nm

Table 3.14: Parameters of the different refinements. *The fraction is not available
in a Le Bail fit since it is calculated from the intensities.

fpV(2) = nL(z) + (1 —n)G(x)1 (section eq. .
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Figure 3.59: Le Bail fit of a non-annealed powder of the crystal QX674 (x = 0.3).
The red points are the measured points, the grey line is the overall calculated pattern,
the blue line is the difference of the aforementioned patterns, the dashed line is the
fraction of the powder, affected by size broadening. The dotted line is the fraction
without size broadening and the green stripes mark the Bragg positions. Measured
with Cu-Kay radiation. Agreement values: R,: 7.06, R,,: 7.64, Reyp: 6.51, x*:
1.38.

3.3.2 Annealed powders

Annealed powders of single crystals with different compositions were measured by
XPD. Cut crystal pieces were milled, sieved and annealed as described in sec-
tion 2.4.1.1] The measurements were carried out with internal LaBg standard
(NIST660a) and were fitted with the Le Bail method in the Fullprof package for
accurate lattice parameters. The fitted lattice parameters and published data of
GaPd; [36] and SnPd, [19] then were plotted against the compositions measured by
EPMA, i.e. the Sn content, x, in Ga;_,Sn,Pdy. As shown in fig. [3.53] the crystals
have a Sn gradient along their growth axes. Accordingly, pieces for XPD lattice pa-
rameter analysis need to be cut as small as possible and with a minimal extension in
the direction of the growth axis. The lattice parameters increasing with increasing
z in Ga;_,Sn,Pds does not meet Vegard’s law [52] but a second order polynomial
gives a good fit (fig. [3.60)). The same holds for the unit cell volume (fig. [3.61]). The



3.3 X-ray investigations on Czochralski-grown Ga;_,Sn,Pd- 82

resulting equations turned out to be a powerful tool to estimate the Sn content of
Gay_,Sn,Pds in multi-phase samples where the compositions could not be measured
by WDX, e.g. because grain sizes are smaller than the size of the excitation volume
of the electron beam of the microprobe.
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Figure 3.60: Le Bail-fitted lattice parameters of Ga; ,Sn,Pds and literature values
for GaPd, [36] and SnPd, [19], plotted against x. The errors are within the size of
the data points. The values of the lattice parameters and the agreement values are
listed in tab. x was measured with EPMA (WDX) or ICP-OES.

experiment alA] b[A] c[A] Rp, Rwp, Reup, X*
QX649-TT | 0. 08(1) 5.501(1) | 4.068(1) | 7.831(1) | 9.22, 10.1, 6.56, 2.39
QX661 | 0.18(1) | 5.527(1) | 4.083(1) | 7.876(1) | 10.4, 11.2, 6.16, 3.29
QX674 | 0. 29(1) 5.551(1) | 4.102(1) | 7.924(1) | 8.85, 10.4, 4.85, 4.63
QX684 | 0.4(1) | 5576(1) | 4.126(1) | 7.973(1) | 9.59, 11.0, 6.26, 3.07

Table 3.15: Lattice parameters of phase-pure powders from single crystals. The
powders are measured with Cu-Ka; radiation in Bragg-Brentano geometry with
internal LaBg standard (NIST660a).
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Figure 3.61: Unit cell volume V¢ plotted against x in Ga; ,Sn,Pds. Values for the
calculation of the unit cell volumes are taken from tab. B.15 and from literature for
GaPd; [36] and SnPd, [19]. The errors are within the size of the data points. = was
measured with EPMA (WDX) or ICP-OES.

3.3.3 Laue scans

Visible lines and contrasts on a (210) single crystalline surface in the stereo micro-
scope (fig. showed that the Czochralski-grown crystals contain grain bound-
aries. Those have also been investigated in BSE images of other crystals and on
slices of different crystallographic orientations as shown in the figs. [3.56] b, d, and
First investigations with the Laue camera revealed that no larger tilts be-
tween the different measured patterns in the crystal occur and single-crystallinity is
present. Accordingly, subgrain boundaries, i.e. low angle grain boundaries (LAGB),
are visible. More systematic Laue scans on a raster (fig. show the tilt and
the rotation of each scanned position on the above-mentioned (210) surface. It is
visible that there are numerous tilts and rotations between the Laue patterns at the
different measured positions. All tilts are below 1° with the majority even below
0.5° with respect to each other. On some positions two Laue patterns, oriented
differently have been measured in a single scan. This is expressed by two crosses on
one scan position in fig. [3.63[ and an example is shown in fig. [3.64]
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Figure 3.62: Stereomicroscopic image captured with a digital camera of a (210)
single crystalline surface of QX703 (Gag7Sng3Pdsy). The blue arrows mark subgrain
boundaries visible on the surface.
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Figure 3.63: Scanning with the Laue camera on different spots on a (210) slab of
QX703 (Gag7Sng3Pds). The black crosses in the green circles represent the scanning
point. The blue crosses show tilts and rotations of the subgrains. Some scans have
two distinguishable Laue patterns and accordingly two blue crosses. Such a Laue
pattern is shown in fig. [3.64] where all reflexes are present twice.
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Figure 3.64: Laue image on a (210) surface of QX703 (Gag7Sng3Pdy) with two Laue
patterns that are tilted 0.7° towards each other.

3.3.4 Rocking curve analysis

Systematic scans with the Laue camera and contrast lines in BSE images, shown
in the figs. [3.56] b and d, gave reasons for further investigations on subgrains and
mosaicity. Therefore, rocking curves were performed on crystals with x = 0.2 and
x = 0.4, shown in fig. [3.65] The measured curves confirmed tilts smaller than 1°.
The largest tilt was observed on a (100) slice of a bottom part of QX684 (z = 0.4)
(fig. m, a). Rocking curves on the 200 peak, with the goniometer axis of the
diffractometer parallel to the growth direction, show two main domains with a tilt
of 2 = 0.7°. Furthermore, if the curves of the first-to-freeze part and the last
crystallized part are compared to each other, the shapes of the rocking curves seem
to be related. Tilts parallel to the growth axis seem to increase from the first-to-
freeze part to the later-crystallized part (fig. ). Figs. , b—e, show the
values of the tilt angle, {2, being independent from the Sn substitution, . The
rocking curve of the (100) slice of QX667 is a single peak with a FWHM of 0.04°
(goniometer axis = [010]).
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Figure 3.65: a) Rocking curves on the 200 peak of a single-crystalline slice of
GaggoSng.4Pds. The measurement area was approximately 4 - 4 mm?2. The curves
were measured with the goniometer axis (g.a.) parallel and perpendicular to the
growth axis, [010]. b) Measurements on the 020 peak of GaggaSng1sPdy parallel
and perpendicular to the [001] growth axis. c-e) Measurements on three different
slices of another GaggaSng1sPds crystal grown in [010] direction. Explanation of
the labelling: g.a. = [uvw] means that the goniometer axis is parallel to the [uvw]
direction of the crystal (see f)). The crystal was measured at its top or close to
the seed, respectively (FTF = first-to-freeze position) and at the last solidified part
(LF).

3.3.5 X-ray topography

The individual rocking curves of the 412 peak, from which the X-ray topography
(XRT) measurements where created, have a FWHM of 0.05° corresponding to ap-
proximately 20000 counts. Cu-Ka radiation was used. An w scan with constant
260 angle was carried out in order to get an overview of possible tilts in the sample.
The resulting maximum intensity map (fig. shows numerous subgrains with
orientation differences of up to 2°. Most subgrains are elongated parallel to the
[010] growth axis of the crystal. Some subgrain boundaries are straight lines, either
parallel to the [010] direction or often at an angle of ~ 20° to the [010] direction. On
the upper right part one subgrain ends at the shoulder of the crystal. Furthermore,
it can be seen that the subgrains originate from the seed. The seed as well as the
first-to-freeze part of the crystals are subdivided into numerous very small subgrains
with tilts of up to 2° within the range of a few hundred micrometers. Within the
first 5 mm of the crystal most smaller subgrains vanish and only few large subgrains
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continue to grow. Furthermore, the scan shows increasing tilts within the subgrains
from the first-to-freeze part near the seed to later grown parts within each subgrain.
From each larger subgrain an individual topograph was measured. The individual
topographs, exhibiting lighter and darker areas (e.g. fig , have been compiled
to an overview (fig. [3.67). The light areas are regions where measured intensities
are lower. Enlarged sections of fig. [3.67]show that the first-to-freeze area next to the
seed is very disrupted (fig. |3.68] a) compared to the larger surrounding subgrains.
In the larger grains, stripes perpendicular to the growth direction can be seen (figs.
and [3.68 b). Fig. [3.70] shows the topograph of a single subgrain (the same
as in fig. [3.69] left) but measured with Cr-K«a radiation on the 310 peak. The
resolution of the measurement with the higher wavelength is clearly better. It can
be seen that the stripes, visible in the topographs are identical in the Cr-K« and
the Cu-K a measurements, which indicates that the stripes show intrinsic properties
of the crystal.

A change of the lattice plane distance d causes a change of 20 according to
Bragg’s equation n\ = 2dsiné [64]. This can be observed in fig. , where the
w map shows a strong tilt between the seed and the crystal. What seems to be a
tilt at first, is actually a change of the lattice spacings changing the Bragg angle
and accordingly the maximum position of w. Also the w shifts from the earlier to
the later grown parts of the respective subgrains are likely to display the measured
chemical gradient, shown in fig. [3.53|
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Figure 3.66: Orientation map of a (100) slab of GaggSng4Pds measured on the
412 peak (crystal QX684) with Cu-K« radiation. 26 was kept constant and w was
changed in 0.1° steps to achieve the maximum intensity of each position.
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Figure 3.67: Compiled X-ray topography maximum intensity map of a (100) slab of
GagSng 4Pds (crystal QX684). Each subgrain was measured independently. The
map shows the measured intensity of the 412 peak, measured with Cu-K « radiation.
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Figure 3.68: Magnified view of the topographs shown in fig. |3.67
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Figure 3.69: Two individual topographs, measured on the 412 peak with Cu-Ka
radiation.



3.3 X-ray investigations on Czochralski-grown Ga;_,Sn,Pd, 92

Figure 3.70: X-ray topograph of the same grain shown in fig. [3.69] left, but measured
on the 310 peak, using Cr- K« radiation.
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3.4 Electron backscatter diffraction on single
crystals

Electron backscatter diffraction (EBSD) measurements on slices perpendicular to the
three main directions (QX674, x = 0.3, pulled in [010]), as well as on a (210) surface
(QX703, x=0.3, pulled in [010]), were performed on a crystal by Ulrich Burkhardst,
Max-Planck-Institut fiir Chemische Physik fester Stoffe Dresden. Fig. shows
the investigations on the (010) slice: The fore scattered electron (FSE) images show
several subgrains with sizes in the range of several hundred micrometers. Smaller
grains in the two digit micrometer range are also present (see b and ¢). The IPF_Z
maps show that the pole figures are quite close to the [010] direction but more
detailed line measurements crossing the grain boundaries show tilts of typically
0.3°, but also up to 1°. Subgrains are also visible on the (210) slice, shown in fig.
Subgrains are clearly visible already in the SE and FSE images. The EBSD
line measurements over the subgrain boundaries display tilts of up to 2.5°. These
investigations could not proof tilts on the (100) and the (001) surfaces (figs.

and in the appendix).
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Figure 3.71: FSE, IPF_Z maps and the orientation change along the blue lines of
different positions on a (010) slice of a crystal with = = 0.3 (QX674).
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Figure 3.72: FSE and SE images of a (210) slice of a crystal with 2 = 0.3 (QX703).
The right pictures display the tilts along the lines on the left.

3.5 Polishing of single-crystalline surfaces

In section [2.4.1.2] it was already mentioned that unusual catalytic behaviour gave
reason to further investigate the polishing of the slices in order to prepare suitable
surfaces. In X-ray studies additional peaks occurred in the diffraction patterns of -0
scans of single-crystalline slabs. The additional peaks appeared at the positions of
the peaks of the lattice planes with the highest structure factor (210, 013, 211, and
020). There are always peaks present at the positions of the 211 and the 013 peaks
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but depending on the crystallographic orientation of the crystal slice also the 210
and the 020 peaks may appear (figs. [A.1], [A.3|and [A.5)). The arising patterns have
in common that they are independent of the Sn content, despite the peak position
shift which is in very good agreement with refined lattice parameters of samples with
the equivalent Sn contents. In contrast, the patterns measured on the single crystal
slabs, strongly depend on the crystallographic orientation of the respective slab.
They are always identical regarding the crystallographic orientation, independent of
the crystal, its Sn content or the treatment (cutting, lapping and polishing). An
exception was grinding where the intensities of the different individual peaks behave
differently, compared to the other surface treatments (e.g. fig. . In the case of
all other treatments (cutting, lapping and polishing) the ratios between intensities
of the different individual peaks are equal but the overall intensities decrease from
corundum lapping to sawing to polishing. During polishing the intensities of the
surface damage peaks decrease with decreasing grain size of the polish. On the
(010) surface, the intensities of the surface damage peaks decrease continuously
with decreasing polish grain size (fig. . On the other two main directions
the intensities of the surface damage peaks drop below the detection limit of XPD
already after the first polishing steps. In the case of the (100) surface, the peaks are
below the detection limit after the first polishing step with 6 pm and on the (001)
surface the same is the case after the polishing step with 1 pm (figs. and [A.6).
In tab. a measurement of the material erosion rates on a (210) surface shows
an irregular erosion behaviour.

An additional example for the sensitivity towards surface treatment of
Ga;_,Sn,Pds is the comparison of Laue images of an as-grown and an as-cut sur-
face (fig. [3.73). At the same illumination time, the as-grown surface has sharper
and more abundant reflexes. The as-cut surface has fewer and more diffuse reflexes,
indicating surface damage, even though the wire lapping saw is considered as one
of the most careful methods to cut crystals. The sensitivity of the material towards
mechanical stress is also noticeable during the preparation of powders for XPD,

where milling causes massive peak broadening (section [2.4.1.1)).

Polishing step ¢t [min] | material removal [pm)]
SiC 1200 30 35
diamond, 9 pm 60 94
diamond, 6 pm 60 4
diamond, 6 pm 60 17
diamond, 3 pm 120 55
diamond, 1 pm 150 25
diamond, 0.25 pm 90 1
Syton OP-S pm 12 3

Table 3.16: Exemplary measurement of the material removal during machine pol-
ishing of a (210) slab. The rotation rate was 36 rpm and the pressure 18 kPa. The
final step with Syton OP-S was carried out manually. The polishing step with 6 pm
diamond polish was repeated after the erosion was low in the first attempt.
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Figure 3.73: Comparison of two Laue images perpendicular to the (210) plane, on
an as-grown surface (left) and on a surface that was cut with the wire lapping saw
(right). It is clearly visible that reflexes on the as-grown surface are sharper and more
abundant. Both images were taken under the same conditions with an illumination
of 3 h. A shorter illumination of an as-cut surface results in only few reflexes making
an evaluation difficult, while usually 15 minutes on as-grown surfaces are sufficient
for proper evaluation of the orientation.

The polishing studies, already mentioned in section [2.4.1.2] are only for the
purpose of obtaining perfect surfaces for catalytic measurements and cannot be
considered as more extensive surface studies.

In the origin of these peaks is discussed and a polycrystalline sub-
surface damage (SSD) layer is taken into account. The isolated 210 peak on a
(100) slab was fitted with a pseudo-Voigt function in the X-ray diffraction software
Analyze and the particle size was calculated, according to the Scherrer equation [70].
No other peak was fitted, since the other abundant peaks, 211 and 013, are very close
to each other and appear as a single peak, due to the pronounced broadening. The
method was applied at measurements of two stages of surface treatment. One was
grinding with 1000 mesh SiC the other was lapping with 3—5 pm corundum water
slurry. The FWHM of around 0.7°—0.8° is equal for the two treatments even though
the intensity of the 210 peak is almost twice in the case of grinding, compared to
lapping. The calculated grain size of the crystallites of the SSD layer is 11—12 nm.



Chapter 4

Discussion

4.1 On the Ga-Pd-Sn system

The following chapter concentrates on the phase diagram studies. The focus is on
numerous small equilibrium-cooling experiments as well as on several Bridgman ex-
periments described, in chapter 2.1 In contrast to the Czochralski experiments,
these experiments resulted usually in polycrystalline samples, typically containing
the whole phase content of the respective crystallization path. These experiments
were necessary and can be regarded as feasibility studies in order to get the infor-
mation, needed for the growth of single crystals with the Czochralski technique.
Due to the high effort and the costly material input, Czochralski experiments do
not allow experimental uncertainties, especially since the growth itself is usually
challenging enough. Accordingly, elaborating the boundaries for the crystal growth
of Ga; ,Sn,Pdy from (Ga,Sn)-rich solution, especially for the desired compositions,
0.1 < x < 04, was necessary and could be achieved. The crystal growth was
incongruent and additionally a segregation coefficient of Sn had to be expected.
Therefore, precise estimations of melt compositions for the desired crystal compo-
sitions were gained from the pre-experiments. Another advantage were estimations
of the growth temperatures.

As a side effect the surrounding liquidus surface around the primary crystalliza-
tion region of Ga;_,Sn,Pd,y could be shown partially and the primary crystallization
area of further phases could be estimated. Additionally, first results regarding the
Sn incorporation in these phases could be shown.

4.1.1 Primary crystallization areas

Defining the boundaries of the primary crystallization regions of the different phases
proved to be non-trivial and several difficulties occurred: (i) Different primary crys-
tallization areas can be very close to each other, in a very narrow chemical range.
This is already visible in the binary systems Ga-Pd and Pd-Sn, where multiple
phases may solidify primarily within a range of few at.% Pd. Regarding the Ga-Pd
system, four primary solidification areas of the phases GaPd, GasPd;, GazPd5 and
GaPd; are settled within a composition range of less than 6 at.% [23]. (ii) Most likely
at least one high-temperature (HT) phase is abundant. Such phases decompose into
eutectoid mixtures, visible by fine-grained multiphase areas. (iii) Phases are present,
that have a retrograde solubility of at least one of the components at lower temper-
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atures, leading to peritectoid decompositions during cooling. Particularly affected
is Gag4pteSn4 ,Pdg, which occurs in the shape of primarily solidified grains which
are always strongly perforated or have lamellae. Ga; ,Sn,Pdy was also found to
be primarily solidified, with subsequently formed lamellae of Gagyp 445104 ,Pdg and
Ga;_,Sn,Pd. In some cases, it is therefore difficult to determine whether a respec-
tive phase is a decomposed HT phase or if it is one of the phases that only partly
decomposed in a peritectoid reaction during cooling.

4.1.1.1 Primary crystallization area of Ga;_,Sn,Pd,

The (Ga,Sn)-rich side of the primary solidification area of Ga;_,Sn,Pd, was nar-
rowed down and is shown in fig. In the present studies the tie-lined!| of
several compositions at the (Ga,Sn)-rich side of the primary solidification area of
Gay_Sn,Pds could be determined (fig. . This was the fundamental information
for numerous successful Czochralski single crystal growth experiments. The exper-
iments show that the replacement of Ga by Sn in the melt results in almost the
same substitution of Ga by Sn in the crystal and the pseudobinary segregation can
be neglected (A detailed specification can be found in section . Accordingly,
the Sn content in the melt, x EL almost equals the Sn content in the crystal, = (fig.
[3-36). However, in experiments with higher Sn contents in the melt, z;, > 0.5, the
first-to-freeze compositions are decoupled from the initial Sn contents in the melt,
resulting in strong segregation between Sn and Ga. This might indicate that an
upper boundary is approached, where Ga; ,Sn,Pds; has no equilibrium with the
liquid phase any more. Ga;_,Sn,Pd, can be grown from (Ga,Sn)-rich solution of
up to rz, < 0.6 and the resulting Ga substitution by Sn in the crystals is up to
Trmaz = 0.94.

ITje-lines connect the composition of the melt with the solid being in equilibrium with it.
2According to the description (Gay_x, Sny, )100-y, Pdy, -
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Figure 4.1: Primary solidification areas of the different phases in the investigated
region. The dashed lines display estimated boundaries between primary crystalliza-
tion areas of different phases. S is a saddle point and E; and E, are the estimated
positions of eutectics. P’ is the estimated position of a quasi-peritectic. The ar-
rows on dashed lines show the tendency in which the crystallization paths proceed.
* marks the primary crystallization field of GazPds and ** marks the primary crys-
tallization area of GayPdj after [23]. The 500°C stability regions, published in [18],
have been extended by measured compositions at room temperature, indicated by
orange markers.

4.1.1.2 Primary crystallization areas of further phases

Adjacent to the primary crystallization area of Ga; ,Sn,Pd,, with lower y; and
02< x5 <0.5 EL primary crystallization of Gag,p445n4—,Pdg has been proven for
the first time (experiments with such compositions are marked with white diamonds
in fig. . Even though the grains of Gag,p4,5n4,Pdgy are always at least partly
decomposed, large-grown grains prove the primary crystallization of the phase (e.g.
fig. [3.25). The grains contain precipitates of mostly Ga; ,Sn,Pd, showing a ret-
rograde solubility of Ga in Gagypy,5n4,Pdg with decreasing temperatures. The
grains partly exhibit intact outer shells indicating that later-crystallized parts of
the phase may have a higher tolerance towards Ga incorporation with decreasing

3 According to the description (Gaj_x, Sny; )100-y, Pdy, -
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temperatures. Comparing the stability region of the phase Gagy,4,5n4-,Pdy and its
primary crystallization area, it becomes clear that the phase crystallizes exclusively
incongruently.

In Sn-richer areas (experiments with melt compositions, marked with black dia-
monds in fig. it is uncertain, whether Gagyp,5n4-,Pdg or an unknown high-
temperature (HT) phase crystallizes primarily. Such experiments contain grains
with decomposition structures, showing spotted or mostly lamellae structures of the
phases Gag 4,904 ,Pdg and PdyySn;s ,Ga, (partly the phase Ga;_,Sn,Pd is in-
cluded). It is not clear from the textures, whether one of the two phases crystallizes
primarily at higher temperatures. The primary crystallization of a HT phase is
therefore possible. In the binary Pd-Sn system, the phase PdygSni3 has an equilib-
rium with the liquid. Depending on the melt composition, several different peritec-
toid decompositions are possible, containing always PdsSn;3 and either a-Pd3Sns,,
p-Pd3Sny (HT phase that transitions into a-PdsSny at lower temperatures) or a
d-phase [39).

4.1.2 Crystallization paths

In the following, an overview of the crystallization paths, based on the interpretation
of the collected data, is presented. Mainly, those crystallization paths are discussed,
which end at the (Ga,Sn)-rich edge of the primary crystallization area of the phase
Ga;_,Sn,Pd,. In a limited range also the primary crystallization area of the phase
Gagypyeony ,Pdy is addressed, since it is adjacent to that of Ga; ,Sn,Pdy, and
common crystallization paths exist.

In the region where Ga; ,Sn,Pds crystallizes primarily from melts with a low
initial Sn content of xy < 0.1 E| (this corresponds to region R1 in fig. , two-
phase crystallization of Ga; ,Sn,Pd; and Gaz ,Sn,Pds follows. It can be concluded
that the two phases crystallize on the univariant line in an eutectic channe]ﬂ The
crystallization paths end in an eutectic point. This can be seen from the fine-
grained matrix and the final signal of the DTA cooling curve at 942°C. The detailed
composition of the eutectic was not further specified.

In experiments where Ga; ,Sn,Pdsy crystallizes primarily with the initial Sn
content of x = 0.2 (this corresponds to region R2 in fig. , only the phases
Ga; ,Sn,Pd and Ga; ,Sn,Pds can be found. Ga; ,Sn,Pd,; occurs as a primarily
crystallized phase and in the form of two secondarily solidified phases, one being
of eutectic origin and the other of eutectoid origin. Ga; ,Sn,Pd exists exclusively
finely distributed in an eutectoid. The primary crystallization DTA signal is followed
by a common signal at about 919(2)°C in the DTA cooling curves of all experiments.
Therefore, and due to the fine-grained matrix, an eutectic solidification of the resid-
ual melt can be concluded at that temperature. In fig. [4.1 E; displays the estimated
position of this eutectic. Since the eutectic composition of the experiments of re-

4 According to the description (Gaj_x, Sny, )100-y, Pdy, -

5In ternary systems univariant lines are the boundaries between two primary solidification
areas. Accordingly, they have one degree of freedom and according to the Gibbs phase rule,
F =4 — P (ternary, isobaric system), three phases are in equilibrium, which are the melt and the
two neighbouring solid phases. After the crystallization paths leave the primary solidification areas
of the initially crystallizing phases and enter an univariant line, the crystallization in an eutectic
channel will occur. In this case the univariant line is a valley and the two neighbouring phases
crystallize simultaneously [42].
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gion R1 was not further specified, it is possible that the crystallization paths of both
regions R1 and R2 end in the same eutectic. However, this should be further investi-
gated. In E; the phases Ga;_,Sn,Pd, (as a second generation) and Ga;_,Sn,Pd are
present, in grain shapes being typical for eutectic textures. According to the Gibbs
phase rule, in an eutectic, i.e. in an invariant point, three solid phases need to be in
equilibrium with the mehﬂ [42]. Accordingly, a third phase needs to be present in the
eutectic. However, besides the aforementioned grains of the phases Ga; ,Sn,Pds
and Ga;_,Sn,Pd a finer distributed mixture of Ga;_,Sn,Pdy and Ga;_,Sn,Pd is
present in large amounts hinting at a decomposition of the third phase of the former
eutectic reaction. XPD measurements showing multiple peaks of Ga; ,Sn,Pds proof
that there are different sets of the same phase with different lattice parameterd’] i.e.
different generations of the same phase. The DTA signal at 620—630°C, shared by
all experiments, is attributed to a solid-solid phase transition, since the presence
of a liquid in the investigated area at temperatures that low was excluded by melt
observations in the Czochralski apparatus. In binary systems it is common that
HT phases decompose into an eutectoid, consisting of the two adjacent phases. An
example from the Ga-Pd binary system would be GasPds; which decomposes into
a fine eutectoid of the two neighbouring phases, GaPd and GasPds, during cooling
[23].

In the central part of the investigated region in the Ga-Pd-Sn system at Sn con-
tents between 0.25 < z < 0.4, the phases Ga;_,Sn,Pdy and Gagypy,5n4—,Pdyg
crystallize primarily. This corresponds to the regions R3, R5, and R7 in fig.
and accordingly to most of the experiments of the present phase diagram studies.
These experiments share similar DTA cooling curves, phase contents, textures and
closely related crystallization paths that end in a shared eutectic (E; in fig. .
Experiments with initial compositions located in region R3 are in the primary crys-
tallization region of phase Ga; ,Sn,Pdy. Experiments with compositions located
in region R7 belong to the primary crystallization area of phase Gagypt 4504 ,Pdy.
Experiments with initial compositions located in region R5 cannot be clearly as-
signed to one of the two primary crystallization areas since no primary solidified
phase could be clearly identified. However, they clearly belong to one of the two
areas. The first peaks of the DTA cooling curves differ between the above-mentioned
experiments since they depend on the respective position on the liquidus surface.
All other events in the DTA curves are largely similar. Experiments from region R5
do not show peaks above the prominent signal, at 905(1)°C, which all experiments
share. All lower temperature signals in the DTA curves again have a high similarity
with region R3 and R7. Based on the shape and the intensity of the signals at 905°C
in the DTA cooling curves and the common fine-grained texture between the earlier
primarily solidified regions, it can be assumed that a shared eutectic occurs here at
905°C. All experiments of these regions (R3, R5, R7) share the phases Ga; ,Sn,Pd,
Gay_z5n,Pdy and Gagy i 4Sns_,Pdyg, exhibiting a fine-grained texture. However, it
is not expected that these three phases form the eutectic, since they show pronounced
differences in their grain sizes: For example Ga; ,Sn,Pd and a second generation of

5The Gibbs phase equation in a ternary isobaric system becomes F = 4 — P [42].

"Because precise correlations between the lattice parameters and the compositions of
Gay_;Sn,Pds could be established in section fig. it is easy to distinguish different
generations with different Sn contents, x, by their lattice parameters in the diffractogram and even
to calculate their composition.
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Gagypy4on4-p,Pdy occur in much finer grain sizes compared to Ga;_,Sn,Pd, and the
earlier generation of Gasy,1,5n4 ,Pdg. Accordingly, it is likely that a third phase
decomposes later in an eutectoid reaction. Such solid-solid phase transitions are con-
firmed by the DTA curves showing peaks below the eutectic temperature. It can be
seen in fig. [£.2)that between the phases Gagp4,Sn4—,Pdg (II) and Ga;_,Sn,Pd, (I),
forming the eutectic, a finely distributed eutectoid mixture of Ga; ,Sn,Pd together
with another generation of the phase Gagi,i,Sn4-,Pdg (III) occurs. This leads to
the assumption that Ga; ,Sn,Pd and the other generation of Gagy,4,5n4 ,Pdg are
simultaneous formed by the decomposition of a HT phase. Consequently, this HT
phase, together with the earlier generation GagypyaSn4—,Pdg and Ga;_;Sn,Pds,
must have formed the eutectic in the first place. Since Gagypy,5n4—,Pdg can be
proven as eutectic phase in E5 but not in E;, there must be a saddle point in-
between the rough position, which is marked by S in fig. [4.1]

Figure 4.2: BSE image of the eutectic texture (E, in fig. . I is eutectic
Gay 91, Pdy, II is eutectic Gag 1,504 ,Pdg and III is eutectoid Ga; ,Sn,Pd and
Ga2+p+an4,deg.

According to the Gibbs phase rule, the HT phase must decompose into three
low-temperature phases, since an eutectoid is an invariant point and therefore no de-
gree of freedom is available [42]. However no further phase, besides Ga;_,Sn,Pd and
Gagypygony—,Pdg was found. Due to the fine-grained texture of the eutectoid, direct
EPMA measurements of the individual grains were difficult, and the phases could
sometimes only be detected by XPD measurements and indirect assignment by com-
paring XPD data and microprobe data. However, in the present case Ga; ,Sn,Pd
and Gagypi,Sn4—,Pdg can be proven to be a constituent of the eutectoid, since
sufficiently large single-phase regions are present (fig. . A third phase may ei-
ther be below the XPD detection limit or the adjacent HT phase decomposes into
the neighbouring phases Ga; ,Sn,Pd, Gagi,4,5n4 ,Pdg and Ga;_,Sn,Pdsy, which
could be identified in the XPD refinements, but could hardly be assigned to any
grains in the eutectoid texture. The experiments of region R5 are very close to
the eutectic composition, since here the lowest liquidus temperatures (just above
900°C) were measured and typical fine-grained textures, as described above, are
present (fig. [3.21). In experiments with starting compositions in the regions R3
and R7, additional signals occur in the DTA cooling curves between the onset of
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the primarily solidified phase and the eutectic. These may either be connected to
a peritectoid decomposition or to the crystallization path reaching the univariant
line, between two primary solidification fields. In that case nucleation of the neigh-
bouring phase would cause an exothermic signal. Evidence exists for both and it is
assumed that both occur. The first, peritectoid decomposition of formerly crystal-
lized grains, occurs especially in region R7 in the form of polycrystalline lamellae in
the phase Gag 4,914 ,Pdy (fig. : peritectoid decomposition in primarily solid-
ified grains. Fig. [3.11] section II: peritectoid decomposition of secondarily solidified
grains). Evidence for the second (the crystallization path reaching the univariant
line) can be found as two-phase (striped or dotted) textures between the primarily
solidified grains and the eutectic gap fillings (well visible in fig. , ¢, as well as in
fig. at the transition between sequence I and II). The difference whether such
an univariant two-phase region (eutectic channel) is striped or dotted depends on
the cutting angle of the investigated surface since the real texture is typically either
dendritic, rod-like or lamella-like and accordingly typically shaped comparable to
directionally solidified eutectic textures [71), [72].

In the Bridgman experiment QX689-B, the crystallization path can be un-
derstood well in the first part: After the crystallization of the primary phase
Ga; ,Sn,Pds on the liquidus surface (fig. [3.11, I), the crystallization path
reaches the univariant line between the primary solidification areas of the phases
Ga; ,Sn,Pdy and GagypieSng ,Pdy. A striped, lamellar sequence follows where
the crystallization of the two phases occurs parallel, in the eutectic channel.
Gagypyeony ,Pdy shows peritectoid decomposition, which appears in the form of
Gay_,Sn,Pd precipitates (dark in the BSE image in fig. [3.11] II). In the later-
crystallized section, the crystallization path is more difficult to explain: Parallel
structures of Ga;_,Sn,Pdy and Gagypy,5n4—,Pdy continue to occur, but this time
they form large dendrites. Their internal lamellae structure continues like in the
sequence before. However, in-between the dendrites, the texture is fine-grained,
eutectic-like. This cannot be explained by the chronological sequence of an equi-
librium crystallization path, since the eutectic texture should only appear in the
end (the upper part) of the ampoule. The following scenario explains the experi-
mental finding: After having started with stable growth conditions, crystallization
reached the eutectic channel (fig. [3.11] section II) and the average melt composition
changed to higher (Ga,Sn)-contents leading to progressively lower liquidus temper-
atures. In the special geometry of the Bridgman ampoules with narrow diameters,
effective material transport is hindered making complete mixing impossible. In-
stead, (Ga,Sn)-rich melt accumulates in a narrow region adjacent to the growth
interface. This is the typical situation that has been described as constitutional su-
percooling by Tiller (section [2.2.5] equation [58]. The risk of a morphologically
unstable growth front is even higher in metallic melts with high thermal conduc-
tivity, leading to low thermal gradients. The consequence is an unstable growth
interface and dendritic growth [506, 57]. Two-phase dendritic growth in an eutectic
channel, from incongruent metallic three-phase systems is known and characterized.
It shows comparable problems as single crystal growth from incongruent solution,
such as constitutional supercooling [73]. Bridgman growth of metallic compounds
tends to constitutional supercooling even more, since the setup is convection-stable.
That prevents mixing in the ampoule and limits transport processes to diffusion
only [74]. Especially in low-diameter vertical ampoules buoyancy-driven convection
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is hindered while forced convection can only be carried out with high effort. As
a result, the excess component is always enriched at the growth interface, lead-
ing to constitutional supercooling and consequently unstable dendritic growth may
occur and the melt tends to be trapped between the dendrites. This process can
be seen in section III in fig. [3.11] where fine-grained residual melt solidified be-
tween long-ranging dendrites. The phase distribution shows that the component
Gay_,Sn,Pd, is depleted during crystallization in the eutectic channel, compared to
Gagypyeony ,Pdy. As crystallization proceeds, another clear change occurs in the
melt (fig. [3.11] transition between sections III and IV). A striped two-phase tex-
ture of Gag 44904 ,Pdg and Ga;_,Sn,Pd appears (the phase Ga;_,Sn,Pd, is also
present to a small extent), where the crystallization in the eutectic channel reaches
the eutectic point. The directional solidification of eutectics is well known and typ-
ically forms rod- or lamella-like structures. Since the temperature in the ampoule is
not isothermal, the eutectic does not solidify at once at the eutectic temperature, but
theoretically proceeds with the lowering of the ampoule, along with the isotherms.
As reported, lower solidification rates create larger inter-lamellar spacing, i.e. thicker
rods or lamellae since there is more time for separation by diffusion [75H78]. Fur-
thermore, different solidification rates create also different textures. It is reported
that ternary intermetallic eutectics may even form a pseudo-two-phase structure at
certain low growth rates, where one compound may crystallize spatially separated
from the other two phases, exhibiting larger grain sizes and forming rods or hopper
crystals [79]. In the present directionally solidified eutectic structure it may be seen
very well that partially low crystallization rates created large rod structures as well
as spatially slightly different textures (fig. [3.11] section IV). In the further crys-
tallization process, a randomly oriented eutectic texture (with comparably smaller
grain sizes) is dominating again. From the above-mentioned literature, it must be
concluded that in this region the crystallization rate must have been increased and
that fluctuating growth rates are present. Fig. from another Bridgman ex-
perimentﬂ gives an example of an eutectic structure that can only be explained by
fluctuating crystallization rates, which results in fluctuating grain sizes. The lack
of mixing in the convection-stable Bridgman ampoule might cause fluctuations in
the melt concentrations due to diffusion-limited transport, meaning that the system
could alternate between reaching the eutectic composition and falling back to the
status of the univariant line. Another influence on the crystallization rate may be
the low temperature gradient in the metallic melt. Faster crystallization rates until
higher-lying regions in the ampoules are reached may be possible. Also latent heat
release after a sequence with high growth rate might reduce the subsequent growth
rate again. The interplay of the bad mixing, low thermal gradient and latent heat
release may cause fluctuations in the growth rates, leading to the special texture in
the Bridgman experiments.

8The Bridgman experiment failed, since the melt separated in the thin ampoule into two pieces,
due to the surface tension. Therefore, the experiment was not further characterized.
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Figure 4.3: BSE image of a directionally solidified eutectic texture in a Bridgman
experiment. The brighter phase is Gagp4,59n4 ,Pdg and the darker phase mostly
G&l,mSDIPd.

Summarising, in experiments with compositions from the regions R3 and R7,
the textures of the equilibrium-cooling experiments are less complicated, com-
pared to that of the Bridgman experiments. They can be clearly separated into
three main events: (i) primary crystallization of either the phase Gaj_,Sn,Pds
or Gagypt,9n4 ,Pdy, (ii) parallel crystallization of the phases Ga;_,Sn,Pd,; and
GagypteSny ,Pdg on the univariant line in an eutectic channel, and (iii) eutectic
crystallization of a HT phase and the phases Ga;_,Sn,Pdy and Gagypq4Sns—,Pdy.
Accordingly, it can be concluded that the additional factors in the Bridgman ex-
periment partially complicated the spatial sequence of crystallization. Nevertheless,
their necessity for decoding the crystallization paths cannot be neglected, since the
rough order of the three main events in the crystallization paths could be clearly
determined only by transferring a time sequence into a spatial sequence.

Experiments with the initial Sn contents of 0.5 < z; < 0.6, where Ga;_,Sn,Pds
crystallizes primarily (this corresponds to region R4 in fig. , have an additional,
previous stage of the above-mentioned crystallization path of the regions R3, Rb5
and R7 (compare the Bridgman experiments QX689-A, fig. and QX689-B, fig.
3.11)). In that previous stage of the crystallization path, a HT phase is adjacent to
the primary crystallization area of Ga; ,Sn,Pd,. After the primary crystallization of
phase Ga; _,Sn,Pds the eutectic channel is entered and parallel crystallization of the
phases Ga; ,Sn,Pd, and the HT phase occurs. The HT phase is later decomposed
into the phases Ga;_,Sn,Pdy, PdyySni3-,Ga, and Gagy,i,Sns—,Pdg, that form a
decomposition texture of lamellae (fig. b). In the binary Pd-Sn system the HT
phase v occurs neighbouring to the Pd-rich side of SnPds. It decomposes into an
eutectoid structure of SnPdy and PdySnys [39]. Within the scope of this study, it
could not be specified, whether the ternary HT phase is an extension of the binary ~
phase or if there is an independent ternary HT phase. In the further crystallization
path, PdypSni3 ,Ga, is no longer present and the texture is the same, as described
above in the regions R3, R5 and R7. Accordingly, the crystallization path passes a
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ternary quasi-peritectic point (P’ in fig. H and continues on the same univariant
line between the phases Ga; ,Sn,Pds and Gagypy,5n4 ,Pdg. As a result the HT
phase is replaced by Gasi,;,5n4-,Pdg and continues to crystallize parallel with
Ga; ,Sn,Pd,. Like in the regions R3, R5 and R7, finally the eutectic, Es, is reached.

The phase PdygSny3 ,Ga, was found in the XPD measurement (2 wt.%) of the
very end of the Bridgman experiment (where the eutectic, Ey, is expected) but
neither in the equilibrium-cooling experiments with the same starting composition,
nor in the equilibrium-cooling experiments of the regions R3, R5 and R7 that are
expected to end in the same eutectic, Es. Here, further clarification is necessary.

Experiments with initial compositions according to region RS, crystallize in the
primary crystallization region of Gagypq45ns—,Pdg. However, in contrast to the
experiments from region R7 (sharing an univariant line with Ga;_,Sn,Pd,), crys-
tallization paths of these experiments proceed to lower Pd contents and are not
related to the above-mentioned paths. Experiments with initial compositions in re-
gion R8 do not contain Ga,_,Sn,Pds and, as shown in fig. a, section [3.1.4.3]
they contain the secondarily formed phase Ga; ,Sn,Pd with a Sn-richer composi-
tion, Gag.sg(2)Sng.11(2)Pd (in the regions R2-R7 the phase always has the composition
Gao.93(2)SHo.o7(2)Pd)-

4.1.3 Sn substitution in the phase GaPd-

Regarding the influence of the Sn substitution in the phase GaPd,, the Sn content,
x, in Ga; ,Sn,Pds, increases with increasing Sn content in the melt, z, m Accord-
ingly, the pseudobinary segregation coefficient, k*, is close to 1, meaning that the
same proportion of Ga, that is replaced by Sn in the melt, is also substituted in the
crystal. This was the basis for estimating the initial Sn contents for the Czochral-
ski experiments, in order to grow the desired compositions. Data gained from the
Czochralski-grown single crystals, i.e. obtained from very close-to-equilibrium con-
ditions, give more detailed information about segregation, discussed in section |4.2.5|

The measured lattice parameters in the phase Ga; ,Sn,Pd, clearly increase with
increasing Sn content, z. Figs. and show that the increase is not linear,
which was confirmed by [18]. In the region of < 0.4, very precise data could be
collected from homogeneously grown Czochralski crystals by XPD. The data gained
from Rietveld refinement are tabled in tab. In most experiments secondarily
formed Ga;_,Sn,Pdy has similar lattice parameters (fig. . This is a clear hint
that these secondarily formed grains have all the same origin, i.e. as discussed
above, predominantly an eutectic origin. The only exceptions are experiments from
compositions of x; < 0.2 and of z; = 0.7. For the latter, the compositions were
calculated as Gag s3(5)Sn0.47(5)Pda from the refined lattice parameters.

Regarding crystals, grown from melts with similar Pd contents, y., the respec-
tive Sn content of the resulting crystals has a significant influence on the liquidus
temperature of the crystal (fig. [3.58)). In the case of Ga; ,Sn,Pds, grown from
melts with a Pd content of 61 < y; < 61.5, the liquidus temperatures decreased by

9A ternary quasi-peritectic point in a ternary phase diagram is an invariant point, where three
univariant lines meet. In contrast to a ternary peritectic point, where one crystallization path
enters the point and two leave, in the quasi-peritectic point two paths enter the point and one path
leaves the point (always to lower temperatures) [42].

10 According to the description (Gaj_x; Snx; )100-y, Pdy; -
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60 K within the range of x = 0 to x = 0.4. However, the initial Pd content has the
higher influence on the slope of the liquidus surface (fig. , what could already
be expected from the binary Ga-Pd system. EPMA measurements indicate that Sn
substitution for Ga causes slight deviations from the exact 1:2 stoichiometry, i.e.
an increase of y with = in the crystal (fig. . This means that Ga;_,Sn,Pd,
has either Ga sites occupied by Pd, or vacancies on the Ga positions at higher Sn
contents, x. However, single crystal X-ray diffraction (XSD) results of these crystals
did not confirm this, yet [80].

In the investigated phase diagram region, the miscibility of the phases GaPd,
and SnPdy, published by [I8] for 500°C, could be confirmed by the equilibrium-
cooling experiments, also down to room temperature. Accordingly, effects, such as
spinodal decomposition due to retrograde solubility of Ga in GaPdy with decreas-
ing temperatures, as discussed in binary GaPd, [11, 1], could be excluded. In
few grains of the phase Ga; ,Sn,Pdsy, grown in equilibrium-cooling experiments,
lamellae of Gagypi,Sny ,Pdg can be found (fig. , d), which could be interpreted
as decomposition effects. However, these occurred only in experiments with initial
compositions, located next to the outer rim of the primary crystallization field of
Gay_,Sn,Pd,.

No signs of decomposition could be found in any Czochralski-grown single crystal.

4.1.4 Sn substitution in further phases

Having a look at the ternary phase Gagyp,q,5n4 ,Pdy, it stands out that the mea-
sured stability region is larger, compared to the data published by [18] (fig. [4.1).
Ga contents of up to ng, 23 at.% could be measured, meaning that ng, and ng, are
almost equal, while published Ga contents are lower, in the range of 13 < ng, < 18
[18]. In the present study, solidification was equilibrium-close. However, the applied
cooling rates may be still too high for solid-solid phase transitions, like the peri-
tectoid decomposition of Gagi,ieSns ,Pdg. In the present study decomposition of
Gagypygony_pPdy could be proven and the precipitation of Ga-rich phases shows
a retrograde solubility of Ga in Gagypy5n4—,Pdg with decreasing temperatures.
However, the peritectoid decomposition may be inhibited kinetically or at least not
completed at temperatures higher than 500°C. As a result, the measured composi-
tions of Gagypt 4504 ,Pdg represent the stability range at higher temperatures than
500°C. In contrast, Matselko et al. [18] annealed the constituents at 500°C for weeks
to months creating an equilibrium-close composition range of Gas,,Sns—,Pdyg for
500°C. Accordingly, the present study shows that Gagi,4,5n4 ,Pdg has a higher
stability range, i.e. a higher Ga solubility at higher temperatures than 500°C.

The Pd contents have always been measured in the range of 59-62 at.% and in
contrast to Ga and Sn, there are no significant differences in the whole composition
range. The lattice parameter, a, depends on the Ga-Sn ratio and increases with
increasing ng, and decreasing ng, (fig. .

Regarding the phase PdyySn;s-,Ga,, analogue to the phase Gagy,i,Sns-,Pdy,
a dependence of the lattice parameters from the Ga and the Sn contents could be
established, however based on a small data base (fig. . Both lattice parameters
a and c increase with increasing Sn contents and decreasing Ga contents, while the
Pd contents do not influence the unit cell. Lattice parameter ¢ increases stronger

than a (figs. and [3.47)).
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Regarding  Gas ,Sn,Pds, the largest measured composition was
Gag.g1(3)Sn0.16(3)Pds.03(3).  Hence, comparable to Ga; ,Sn,Pd, the substitution
limit is low.

4.2 Single crystal growth of Ga;_,Sn,.Pd,

4.2.1 Crystal growth and growth parameters

Single crystals of Ga; ,Sn,Pds, with z = 0.1,0.2,0.3 and 0.4, could be grown from
(Ga,Sn)-rich solution. According to the phase diagram studies, single crystal growth
from solution would be possible with Sn substitution up to x = 0.54. However, since
the maximum catalytic activity depending on the respective Sn content of the solid
solution Ga; ,Sn,Pd, has been reported to be at x = 0.28, the aim to grow crystals
with all interesting compositions for this research project, in the vicinity of x = 0.28,
could be achieved.

During the first stages after seeding, it was observed that all crystals behaved
relatively stable and reacted slowly to temperature changes. This can be explained
by a steep liquidus surface being confirmed by the DTA experiments. Those ex-
periments display a liquidus temperature change of 200 K in a composition range
of 58—62 at.% Pd. That also corresponds to the observed working setpoint (WSP)
temperatures of the growth experiments. However, the absolute WSP temperature
differences between the beginning and the end of the crystal growth are not sig-
nificant. Since the crystal-melt volume ratio changes during the experiments, the
heat transport in the system is changed and the position of the growth interface
changes in relation to the position of the heater. Some smaller effects may also play
a role. It was mentioned that in few cases a separation between the melt and the
crystal took place, since changes of the diameter and the crystallization progress
were very slow. This should not be confused with the separation of the melt and
crystal due to unstable crystal growth, as reported in section and discussed in
section [4.5] in the case of Ga;_,Sn,Pd. In contrast, the separation of Ga;_,Sn,Pd,
from the melt did not take place by partial dissolution of the seed, but occurred
because the crystallization rate was lower than the pulling rate, due to too mod-
erate cooling programs. This was obvious because the grown crystal was usually
longer than the initial seed after the separation. Also, first diameter increase and
later decrease (sometimes even with growth facets) indicated that the crystal did
not dissolve, but a decrease in diameter (not visible by the operator) led to a sepa-
ration from the melt. This result was considered for later growth experiments and
by stronger cooling programs stable diameter increase was achieved also during the
first millimeters.

After seeding, during the growth of the shoulder, it seemed like the crystal was
completely wetted, even when it had already reached 5—6 mm in diameter. This
phenomenon was reported in Czochralski growth of intermetallics at similar condi-
tions in the case of InPd where the good wetting properties of the melt in combina-
tion with evaporation (due to the higher vapour pressure of In) caused dendrite-like
roughness on the crystal surface [82]. Also, in the solid solution Si,Ge;_, a melt
layer wetting the crystal 10—12 mm above the melt surface was reported [83]. If the
crystal has a tangential contact to the melt in the microscopic scale, the contact an-
gle approaches zero. In such a case, the consequence would be a total wetting of the
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crystal [84]. However, in the case of Si,Ge;_, the layer was reported to partly dis-
solve the seed and the already grown crystal, forming a polycrystalline surface layer
[83]. No evidence for such a process could be observed here. A simpler explanation
might be that the shiny metallic surface of the crystal and the metallic surface of
the melt could not be distinguished visually. Especially during the growth of the
shoulder, i.e. during the diameter increase, the angle at the three-phase boundary
between crystal and the meniscus is very large. In such a case no remarkable change
between crystal and melt might be visible. In addition, the bad optical conditions
at high temperatures increase the difficulties of observation. According to Planck’s
radiation law, at the applied growth temperatures of approx. 1000°C—1250°C higher
wavelengths of the visible light such as yellow and red are disproportionately repre-
sented [46]. The attempt to cut off these high-intensity wavelengths with shortpass
filters and thus, make the contrasts in the growth chamber more visible, proved to
be successful.

4.2.2 Inclusion formation

The very first Czochralski-grown crystal showed mother liquid inclusions (fig. [3.51)).
Due to the incongruent crystal growth, i.e. the crystal being richer in Pd than the
melt, the solvents Ga and Sn are enriched as excess components, while the solute
Pd is depleted in the region below the growth interface. Accordingly, excess Ga and
Sn need to be removed from the growth interface, in order to continue the crystal
growth. The usual principle in Czochralski growth for homogenizing the melt is
the rotation of the growing crystal with respect to the melt. However, while the
forced convection by rotation works in the bulk melt, the layer next to the crystal
is diffusion-dominated, meaning the transport of the solvents away from the phase
boundary is slow [55]. Accordingly, the danger of constitutional supercooling as
described in section is present, since the melt right next to the crystal has a
higher solvent concentration, Cy, than the bulk melt, Cy (fig. [2.4). Constitutional
supercooling means that the solution with higher solvent concentration, C7, has a
lower liquidus temperature. As a result, the Ga- and Sn-enriched layer solidifies
later than the bulk melt and the melt tends to an unstable growth interface, leading
to dendritic growth, cellular growth, or trapping of liquid [55H57]. Tiller’s equation
(equation , section shows that in the case of constitutional supercooling the
risk of an unstable growth interface is large with either a low temperature gradient
in the melt or a high growth or pulling rate, respectively. Since metallic melts are
known to have a high thermal conductivity and accordingly a low thermal gradient,
inclusion formation in Czochralski growth of intermetallics is likely to occur, if the
pulling rates are not low enough. Recognising the theory, all later crystals, except
the first one, have been grown with lower pulling rates and resulted in inclusion-
free crystals. The resulting time-consuming growth process is challenging since the
growth apparatus needs to be kept stable for weeks.

The inclusions in QX649-11 (fig. show dendrites of Ga;_,Sn,Pds and
Gag_,Sn,Pds. During further cooling the material in the liquid inclusion crystallizes
continuously. The Czochralski growth was terminated before the crystallization path
reached the edge of the primary crystallization region of Ga; ,Sn,Pd,, i.e. before
crystallization of two phases starts in the eutectic channel. Subsequently, it is ex-
pected that in the liquid droplet Ga; ,Sn,Pd, at first grew according to the lattice
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of the surrounding single crystal and at the end of the experiment when the crystal
was separated from the melt and then cooled to room temperature, with 200 K/h,
the rate was too high for stable growth and the remaining liquid grew dendritically.
(First Ga;_,Sn,Pdy and Gaz_,Sn,Pds grew simultaneously in the eutectic channel
and later the eutectic solidified.)

4.2.3 Growth interface

When considering the risk of inclusion formation, the shape of the growth interface
must also be considered. The grown crystals showed that both concavd | and convex
interfaces occur in this system (fig. and tab. . Furthermore, sometimes
features of both shapes are combined. The reason for the respective shape is not
entirely clear. The shape of the phase boundary is preserved only in the state, in
which the crystals were separated from the melt. Therefore, based on the available
data, it cannot be evaluated how the state of the phase boundary changes during
growth. The results show that neither the Sn content nor the pulling direction in-
fluence the shape of the phase boundary. The only systematic correlation that was
found, is the phase boundary being concave if the diameter of the crystal was in
a decreasing state in the moment when the melt and the crystal were separated.
Vice versa, the growth interface was found to be convex if the diameter was in an
increasing state in the moment of separation from the melt. An explanation might
be that thermal radiation from the crystal has a large effect in Czochralski growth
at high temperatures [85]. At high temperatures, (in this case more that 1250°C)
heat transfer is dominated by radiation, according to Planck’s radiation law [46].
Hence, conductive heat transport becomes less important but the importance of
radiation from the crystal to the environment increases. In silicon crystal growth
it is assumed that the heat, passing the growth interface, is completely dissipated
by radiation from the crystal’s surface during the first centimeters above the melt
[85]. In the present system where crystal and melt volume and the crystallization
rates are significantly smaller, the radiation might even play a larger role in the
temperature balance, especially since conduction as transport mechanism is limited.
The crystals are only 1—3 cm? in size and further heat transport is limited by the
alumina seed holder which has poor thermal conductivity. The thermal radiation is
usually reduced by the construction items of the growth apparatus. In this case the
crystal is directly surrounded by the crucible wall and the heater (fig. . If the
diameter increases, i.e. the crystal deviates from its cylindrical shape, the radiation
is directed more towards the upper part of the apparatus and is therefore less re-
flected. Accordingly, a heat loss towards the upper, colder part of the apparatus is
enabled. Even though heat deflection shields are placed above the crystal, radiation
towards the upper part of the apparatus is the most effective way to remove heat
from the growth chamber. Meaning when the crystal increases its diameter, heat
from the side where the meander heater is placed is increasingly removed upwards
by radiation. As a result, upwards heat flow at the solid-liquid interface is increased
and the isotherms tend to be curved downwards leading to a convex growth inter-
face. Vice versa, in an decreasing diameter state heat radiation towards the upper
part of the growth chamber is reduced by the crystal itself. Consequently, the up-

HTn crystal growth, the terms concave and convex are always used from the perspective of the
crystal.
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wards heat flow is reduced, and heat accumulates below the crystal. As a result,
the isotherms are curved towards the crystal and create a concave growth interface.
A concave phase boundary might increase the risk of trapping inclusions, especially
in the case of (Ga,Sn)-rich growth of Ga; ,Sn,Pdsy, where the solution below the
growth interface is enriched by the excess components Ga and Sn and therefore has
a lower density than the bulk solution. Being trapped beneath the concave crystal,
would hinder the excess components to be removed from the interface and thus,
increase the risk of constitutional supercooling. However, the results of the crystal
growth show that the growth rates were low enough. Additionally, simulations on
closely related systems with exactly the same scale and crucible shape (however
with far higher rotation rates) have shown that a concave phase boundary might
even increase the mass flow towards the growth interface and accordingly mixing
of the melt could be even improved, compared to a convex growth interface [86].
Therefore, it cannot be generally assumed that a concave growth boundary has a
negative effect.

4.2.4 Low-angle grain boundaries

Several investigations, i.e. BSE images, X-ray topography (XRT), Laue scans, elec-
tron backscatter diffraction (EBSD) and rocking curve analysis, have shown that
Czochralski-grown Ga; ,Sn,Pd, crystals exhibit subgrains. As no tilt angles be-
tween the grains exceed 2.5°, the boundaries are low-angle grain boundaries (LAGB).
LAGB are a planar array of dislocations. They usually consist of a network of both
components, edge and screw dislocations. Since dislocations are able to move, they
may merge into two-dimensional arrangements that are favourable in terms of the
resulting elastic stresses [87]. The origin for the formation of LAGB is similar to
the origin of dislocations and accordingly if the origin for the formation of LAGB
is discussed, the sources of dislocations must be regarded. The most abundant
sources for dislocations in crystal growth are mismatches between the seed (or the
substrate) and the crystal resulting in internal stress. Furthermore, condensation
of point defects, inclusions (melt trapping) and thermal stresses lead to dislocations
[87]. In Czochralski growth it is well known that dislocations result from residual
dislocations of the seed or especially from the thermal shock, when the seed touches
the melt for the first time [53] [88].

LAGB have already been observed in Czochralski-grown intermetallics under
comparable conditions [89]. There, the formation of LAGB was caused by the for-
mation of inclusions and by thermal tensions due to thermal radiation from the
crystals shoulder to the surrounding. In contrast, in the present study the XRT
w scan shows in the case of the crystal QX684 (fig. the subgrains originate
from the seed and then propagate parallel to the growth direction. Only few LAGB
propagate inclined to the growth axis. Some subgrains vanish at the side of the
shoulder, meaning that the shoulder is no source region for LAGB, like observed
in other intermetallic systems due to thermal stresses [89]. Accordingly, the ther-
mal shock when the crystal touches the melt surface for the first time is expected
to be the main reason for dislocation formation here. The w scan shows the seed
being finely sub-grained. A change of the lattice parameters from the pure GaPd,
seed to the GaggSng4Pds crystal, according to section [3.3.2] may be considered as
reason for tensions, too. Fig. shows that the first millimeters of the crystal,
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directly after the seed, are strongly disrupted, with numerous small subgrains and
tilts. Regarding the analysed crystal, shown in fig. - x = 0.4), the calculated
mismatch, m = M between seed and crystal is 1.7 % in the case of lattice
parameter a, and 2. 4 % in the case of ¢. Hence, the LAGB observed in the crystal
QX684 may result on the one hand from the thermal shock during seeding and on
the other hand from tensions, formed by the lattice mismatch of the shared (010)
interface between the seed and the chemically different crystal.

The common method to remove dislocations and to avoid their propagation
into the growing crystal is the so-called Dash necking, i.e. a diameter reduction
after seeding in order to increase the probability of dislocations gliding outwards
the crystal [53]. The choice of a proper growth direction in order to encourage
the outgrowth along a preferred crystallographic plane is necessary. In the most
common industrial Czochralski-grown materials, like Si and Ge, the (100) direc-
tions are chosen as growth directions, since dislocations glide preferentially in the
{111} planes of the cubic phase and accordingly glide out of the crystal [90]. How-
ever, LAGB were observed for the first time in Czochralski-grown Ga; ,Sn,Pds and
thus their favourable growth (or preferred dislocation glide planes) are unknown in
Ga; ,Sn,Pds. In the present growth experiments Dash necking was not considered
a feasible method since the dimensions of the used seeds are already very small and
thinner diameters are technically hardly feasible. This is due to the challenging
diameter control and the necessary mechanical stability. Additionally, Dash necking
seems to be unpromising, regarding the very high typical dislocation densities for
as-grown brittle metallic materials that are in the range of 10—~107 cm™2 [91), 92].
The only remaining method of reducing the abundance of dislocations in the present
experiments is dissolving a few millimeters of the seed, after the seeding process was
successful, in order to dissolve the area of the seed, that experienced the largest
thermal shock. As the results show, this method could not prevent the previously
discussed origins for the LAGB. According to the XRT w scan (fig. [3.60)), already
the seed contains numerous sub grains. An investigation, whether these subgrains
(or conditions that may form subgrains at high temperatures) were already present
in the seed (E.g. in section a sub-surface damage layer induced by cutting with
the wire lapping saw was discussed.), or if they have formed as a result of seeding was
not clarified. The lattice parameter mismatch however could have been overcome
by using seeds with similar, or at least less different composition.

The initially numerous subgrains, directly below the seed, are replaced by fewer
larger subgrains with larger tilts, already a few millimeters lower. This can be seen in
the XRT w scan of QX684 (fig. [3.66). The rocking curve examination of the crystal
is in good agreement with the w map (fig. , a). Also in the rocking curves the
tilt between two measured major peaks, i.e. subgrains in the centre of the crystal,
increases from 0.25° to 0.50°, from the upper, i.e. earlier grown part, to the bottom,
i.e. later grown part of the crystal. Additionally, smaller additional maxima in
the rocking curves, between the larger peaks in the upper part of the crystal do
not appear in the measurement of the bottom part of the crystal. This shows that
in the upper parts additional smaller grains were measured in the same area with
tilts that are in-between the larger measured grains. In the later-grown parts the
smaller peaks are not present and the tilts of the larger grains have increased. The
propagation behaviour of LAGB during progressing crystal growth is complex and
it is rarely addressed in the case of intermetallic phases in literature. However,
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the observation that larger subgrains have larger tilts towards each other, than
smaller subgrains was confirmed in the case of different metals, semimetals and
salts [93HO5]. Several authors distinguished between different kinds of subgrains,
defined by different sizes and tilt angles. During cooling, relaxation takes place
and smaller subgrains (microsubgrains and equiaxial subgrains), which exist within
larger subgrains (macrosubgrains) merge, while the larger subgrains keep their size
but increase their tilts. Therefore, larger subgrains, which previously contained
larger amounts of dislocations and smaller subgrains, have higher tilts compared to
smaller subgrains [87, 93] 04]. The tilts, observed in the present crystals (0.3—2°)
are in the typical range of macrosubgrains and smaller subgrains, with tilts of only
a few arc minutes, are below the investigation limit. In the figs. [3.66], [3.67] and [3.68],
a, it can be seen that in the region directly below the seed the amount of subgrains
is very high (with low tilts) while later few subgrains remain. This is in contrast
to reports that the number of subgrains increases with increasing ingot length [95]
96]. However, while this may apply to microsubgrains and equiaxial subgrains,
the amount of macrosubgrains was also observed to decrease with vanishing LAGB
[96]. Furthermore, it is known that new dislocations form at the growth interface
while previously formed dislocations (or subgrains) continue to grow with the growth
interface, leading also to an increase of the subgrain tilt with increasing ingot length
[95, ©6]. All the above-mentioned reports have in common, that LAGB occur at
high dislocation densities, typically above the value of 10° cm™?.

Further rocking curves on different crystals and orientations differ, but the usual
shape is broadened (FWHM ~ 0.2—0.5° ), partly with peaks standing out. This
means more than one subgrain was measured. (An exception is one measurement
in QX667 shown in fig. ¢, where only one single peak was observed.) If
measured with the goniometer axis perpendicular to the growth axis, the curves
have a similar FWHM but with fewer or no peaks standing out. That means sharp
tilts are predominantly parallel to the growth directions while the tilts perpendicular
to the growth directions are either regular transitions or fine mosaicity. In the EBSD
measurements on slices of the crystal QX674, larger orientation contrasts have been
measured only perpendicular to the growth axis [010] (fig. which does not
match the XRT and the rocking curve results. However, the occurring tilts are in
the range of the angular resolution of EBSD and identifying LAGB below 0.5—1°
by EBSD takes high effort [07]. Regarding all applied methods, LAGB are present
in all investigated orientations and occur independently of the growth directions
of the crystals. Rocking curves indicate that also crystals with lower Sn contents
have LAGB but here more detailed studies, e.g. on binary GaPds, might answer
if a mismatch, due to chemically induced lattice parameter changes, is one of the
reasons for the formation of LAGB.

Most of the tilts between the subgrains were observed to be below 1°; typically
in the region 0.5°. As a result, it is expected that the present LAGB have no
significant negative influence on the purpose of the crystals in the present project
as catalytic model material. Since the prepared surfaces will be vicinal faces of the
desired crystallographic planes with only few terraces, the catalytic behaviour will
be dominated by aimed crystallographic surface planes.
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4.2.5 Segregation effects

The pseudobinary segregation coefficients, k* = %, of the pre-experiments are fluc-
tuating around the value 1, while £* of the Czochralski experiments tend to be
slightly below 1. However, the deviation from the value 1 is low and with higher
Sn contents, x, k* approaches 1, also in the Czochralski experiments. Accordingly,
with higher Sn contents in the melt and the crystal, the preference of Ga over Sn
decreases.

The data of the pseudobinary segregation between Ga and Sn from the first-
to-freeze parts of the Czochralski-grown crystals are much more precise, compared
to the data of the pre-experiments (fig. [3.54). The pseudobinary segregation co-
efficient, £*, is calculated from the first-to-freeze composition of the crystals. This
part can be identified clearly and measured precisely in the Czochralski crystals
only. From the crystals pieces of 50—100 mg allow precise chemical analyses, car-
ried out by the Max-Planck-Institut fiir Chemische Physik fester Stoffe in Dresden
via digestion-assisted ICP-OES. Furthermore, the Czochralski crystals were grown
under equilibrium-close conditions while the pre-experiments may be affected by
supercooling due to the lack of a seed, from which crystallization may start. When
supercooling collapses and accordingly sudden, fast crystallization sets in, the seg-
regation coefficient is influenced by restricted kinetics. A segregation coefficient
influenced by high crystallization rates, approaches the value 1 [98]. A complicating
factor in the pre-experiments is that, due to the absence of a seed, and the resulting
typical supercooling, usually many crystallites are formed. As a result, it may be
experimentally complicated to identify the first-to-freeze grains in such a experi-
ment and to analyse it chemically reliably. This is in accordance with the measured
pseudobinary segregation coefficients k* (fig. .

The pseudobinary segregation coefficient, £*, below 1 means Sn is rejected at the
growth interface and therefore enriched in the melt. Accordingly, the concentration
increase of Sn in the melt leads to an increase of the Sn content along the growth
axis of the Czochralski crystals as it was measured and shown in fig. [3.53] However,
even though the pseudobinary segregation coefficients k* are only slightly smaller
than 1 or even 1, the Sn content increases in all crystals. That means that with
decreasing Pd content in the melt y; and decreasing growth temperatures Sn is
preferably incorporated into the crystal.

The X-ray topography w scan showed a drift of the w angle in each subgrain
from the upper to the bottom part of the investigated crystal (fig. [3.66; Note: the
more pronounced w changes within the subgrains will be addressed later). This
drift might not be a curvature of the lattice, but more likely represents the increase
of the Sn content along the pulling direction [010], as measured and shown in fig.
According to fig. an increase of the Sn content, x, in the crystal causes
an increase of all lattice parameters. Accordingly, when investigating the slice, the
increase of x along the pulling direction [010] results in a change of the position of
the investigated 412 peak along the [010] direction. Hence, it is very likely the drift
of w is not related to a curvature of the lattice but is caused by a chemical gradient.

4.2.6 Striations or artefacts

The X-ray topographs show stripes or band structures, approximately perpendicular
to the growth direction (figs. and [3.68)). It is well known that Czochralski-grown
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crystals may show effects of micro segregation, called striations. These are fluctua-
tions in the dopant concentration of the crystal caused by unsteady convective flow,
the rotation of the crystal in a temperature field that is not exactly ideally axi-
symmetric, mechanical vibrations or fluctuations of the power control. Striations
usually follow the growth interface and can be related to the rotation periods if rele-
vant [99-102]. Segregation effects between Ga and Sn and the subsequent influence
on the lattice spacing (as established in section would affect the XRT inten-
sity since a scattered peak, previously focused on the lattice spacing of a crystal
region with a certain chemical composition, will move out of focus if the chemistry
changes. Accordingly, striations could explain the stripes visible in the XRT images.
However, reliable statements cannot be made, as the measurement of a comparable
sample from binary GaPdy without Sn is missing.

Comparable stripes have also been observed as artefacts, discussed as special
extinction effects, in XRT measurements of intermetallic phases [103]. It speaks
against striations that the distances of the stripes cannot be correlated with the
pulling rate (fig. b) but have approximately constant spacings over the whole
crystal. Additionally, the periodicity of the rotations is several dimensions higher
than the periodicity of the stripes observed with XRT. All the usually discussed rea-
sons for striation formation are related to the rotation of the crystal. In industrial
Czochralski growth the time for one rotation is in the range of a few seconds and
due to the high pulling rates distances of striations are in the range of micrometers
to millimeters [104]. However, due to the extremely low pulling rate that was used
in all Czochralski experiments of this study, fluctuating growth conditions would
correspond to 10—15 nm regarding the typical pulling rates and rotation rates. In
contrast, distances of 250—500 pm between the stripes were observed and accord-
ingly typical striations as the reason for the observed stripes cannot be assumed.

However, as shown in fig. [£.4] the observed stripes show exactly the same picture
if measured with Cu-K« on the 412 peak or with Cr-K« on the 310 peak. Accord-
ingly, measurements from different directions with different radiation result in the
same image, indicating that the stripes have a crystallographic origin and are no
artefacts. The origin of the stripes remains unclear.

Figure 4.4: Comparison of two X-ray topographs of the same position, measured
with different radiation on different reflections. a) Measured with Cu-K« on the
412 peak. b) Measured with Cr-K« on the 310 peak.
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4.3 Conditions of prepared crystal slabs for cat-
alytic experiments

First catalytic measurements on crystal slabs of different orientations showed that
the tested surface planes behaved similar, regardless of their crystallographic orien-
tation, which was not expected. Furthermore, the catalytic behaviour was different
than expected from single-crystalline surface planes but rather similar to the be-
haviour of a powder: While a powder has high conversion due to the abundance
of active sites, and low selectivity since all crystallographic planes are present, a
single-crystalline surface plane (hkl) should have low conversion and high selectiv-
ity [63]. Therefore, the results of mechanical impacts from grinding, lapping and
polishing were investigated (described in section and presented in section
3.5l Systematic surface studies are an own research topic and therefore the prepa-
ration studies made in this thesis, do not aim on a perfect understanding of the
problem, but focus only on the practical preparation of suited surfaces for catalytic
measurements. Therefore, the focus was on adapting the mechanical preparation of
the single crystalline slabs in such a way that no surface damage could be found, in
order to enable catalytic investigations on the surfaces. This aim was achieved.

As shown in the figs. [A.2] |A.4]and [A.6|there are (i) peaks that should not appear
on a #-0 scan of a single crystalline surface and (ii) the main peaks measured on
cut and unpolished (or not sufficiently polished) single crystalline surfaces have a
lower integrated intensity and a larger full-width half maximum (FWHM) compared
to that of polished surfaces. The peaks that should not appear on the surface are
at Bragg angles where the XPD pattern of a corresponding powder has its highest
peaks. From (i) it can be concluded that there must be a polycrystalline layer on the
surface of the single crystalline slabs, creating weak signals of a XPD pattern. Point
(i) indicates that the polycrystalline surface layer absorbs (or diffusely scatters)
the scattered signal of the main reflections of the single crystalline surface partly
and accordingly the integrated intensities are reduced. Regarding the different in-
vestigated orientations, the intensities and shapes of the measured X-ray patterns
depend on the crystallographic orientation of the crystal slab. The (010) plane seems
to be very sensitive to surface treatments, showing signals after lapping, being in the
range of a usual XPD pattern. The (100) and (001) surfaces are far less sensitive,
and showed signals only slightly higher than the background. Furthermore, the way
of the surface treatment showed different levels of damage. While grinding (with
embedded abrasive) and lapping (either with corundum-water suspension or cutting
with B4C-glycerine suspension) are the most surface-damaging treatments, polish-
ing creates minor damage on the crystal surface. In the observed XPD patterns,
grinding causes approximately similar signals like lapping, with the difference that
the intensities of specific peaks may differ (fig . Accordingly, lapping cannot be
considered as the more careful abrasive method in this case. Also, the differences
between an as-grown and an as-cut Laue camera image, shown in fig. [3.73] clarify
that there must be a disrupted layer on the surface of the cut slabs, while the reg-
ularly grown surface has a sharp undisrupted Laue pattern. Diffuse peaks in the
Laue pattern correspond to peaks with low intensity and a large FWHM.

Distorted surfaces as a result of polishing, etc., are frequently published but their
state is still disputed [105] and systematic investigations are rare. Usually such lay-
ers are discussed as Beilby layers, sub-surface damage (SSD) layers or worked layers.
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The differences between the terms are not clearly defined and their state may either
be amorphous, fine-grained (2—100 nm) or oxidized or a combination [T05HI07].
However, all these studies have been carried out on different materials and there
is no report of such layers on intermetallics or comparable materials present. In
most discussions when the Beilby layer is addressed, layers with a thickness of a
few nanometers are regarded but authors also report on layers in the range of 5—7
pm [I08]. In the present case of Gaj_,Sn,Pds, the signal of the damage layer is
detectable with non-surface sensitive X-ray methods and therefore a thickness of
several micrometers must be expected. Regarding the grain size of the polycrys-
talline layer, a rough grain size approximation, based on the FWHM, according to
the Scherrer equation resulted in approx. 11 nm [70].

The different erosion rates of the different polishing steps, tabled in tab. [3.16], are
not completely understood yet, and further parameters like the amount of lubricant
seem to play a role besides polishing pressure, speed, time and abrasive size. The
approach to reduce the damage layer by using very low pressure and low rotation
rate is well consistent with literature [L06] 107]. Still, the tangential polishing rate
of 15—25 m/min could have been reduced but then polishing becomes impracticably
time consuming. Having in mind that the erosion of each polishing step is far bigger
than the thickness of the damage layer can be, it needs to be concluded that each
step causes a new damage layer, while the preliminary one is removed. Nevertheless,
a very clear result of the present polishing effort is that the thickness of the damage
layer decreases with decreasing abrasive size. This is consistent with the results of
other authors, who could remove the damage layer, using fine abrasives [109] [110].

Summarizing, the surfaces of insufficiently polished Ga; ,Sn,Pds crystals con-
tain a polycrystalline damage layer. Even though systematic surface studies could
not be carried out within the present study the polishing effort was sufficient to
maintain surfaces well enough to proceed to catalytic treatments. Investigations
with grazing incidence diffraction at the TU Chemnitz excluded the evidence of
crystalline particles except the bulk single crystal on properly polished slabs [111].

4.4 The preparation of powders for X-ray powder
diffraction

In section it is anticipated that the evaluation of powders without annealing
was almost impossible. Rietveld refinement of measurements of coarse powders
was not feasible (section while rough phase analyses in polycrystalline samples
worked in some cases, e.g. by Le Bail fitting. Still, phases with small fractions
and/or low structure factor where covered by the broad basis of larger peaks of
other phases. It also became clear that the problem of peak broadening does not
only affect Ga; ,Sn,Pds, but also most other phases of the Ga-Pd-Sn system that
appeared in the present studies, i.e. all phases that have a Pd content in the range
between ~ 49—68 at.%. In the case of the phases GaszPd; (section and
GaPd, this was observed also by other authors [27, 112]. Annealing was on the one
hand a proper tool to achieve suitable powders for Rietveld refinement, on the other
hand the temperatures and the annealing time had to be handled very carefully.
In section it is described that too high temperatures and annealing times
changed the phase content. An example is shown in fig. where the peaks of
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two generations of Ga; ,Sn,Pd, with different lattice parameters merge, resulting
in average lattice parameters as the annealing temperatures were too high (780°C).
Obviously, at these temperatures the mobility of the atoms is high enough to allow
chemical balancing by diffusion. However, for the present studies proper parameters
could be established, enabling successful phase analysis and structure refinement.
Due to the annealing process, only phases (and their properties) could be analysed,
being in equilibrium at room temperature. None of the expected high temperature
phases could be quenched to room temperature, nor analysed by XPD without
annealing due to the severe peak broadening, mentioned above.

The broad peaks of the non-annealed XPD patterns are expected to have a
related origin like the measured peaks on the single-crystalline slabs, discussed in
section [4.3] i.e. mechanical stress causing massive peak broadening. It is well known
for intermetallics that milling can cause peak broadening in XPD patterns and both,
size and strain broadening is described [113, 114]. In the present study, the exact
dimensions of size or strain broadening are not further clarified, since more extensive
studies would go beyond the scope of this work. The brief investigations that were
carried out by Rietveld refinement, including size and strain refinement according to
the Thompson-Cox-Hastings method (section , still showed that size broadening
is the dominant effect while strain broadening plays a minor rule. Usual Rietveld
refinement of non-annealed powders using the pseudo-Voigt function also indicates
size broadening being dominant since the peak shape is strongly Lorentzian. The
factor nTﬂ approaching 1, indicates size broadening (Lorentzian peak shape) while a
Gaussian peak shape (n = 0) would be related to strain broadening [IT5]. When
refining the powders with respect to size broadening, the crystal domains have been
found to have sizes of approx. 20 nm, and different refinement approaches (size,
anisotropic size as well as size and strain combined) showed approximately similar
results (£ 10 nm). The best-fitting refinement approach was splitting the phase
into two fractions. One was refined without size broadening and the other one was
refined with isotropic size broadening, meaning that a fraction of the same powder
was treated as a nanometer-sized fraction and the other fraction as micrometer-
sized. The lattice parameters and accordingly the peak positions of the two phase
fractions have been set equally, i.e. were refined constrained. From that it can
be concluded that the powder may have a fraction which is affected by damage of
milling and a fraction that does not contain nanometer-sized crystal domains. A
possible model could be a core-shell structure, where the inner parts of the grains of
the milled powders are unharmed and the outer parts of the grains have a disrupted
layer. The reasons may be similar to the mechanically stressed surfaces described
in section .3l The domain size of the crystallites should not be confused with the
grain size of the powder, which is in the micrometer range.

It can be excluded that the disruption, causing peak broadening is not a result of
milling, since XPD measurements of shortly milled, coarse powders (approx. 50 pm)
show sharp peaks with only the basis of the peaks being broadened with Lorentzian
peak shape. When the powder is milled finer, i.e. longer, the fraction with sharp
peaks decreases. Using coarse, shortly milled powders for analysis, does not work
properly since strong, complicated texture effects impede proper refinements of the
powders. In such attempts even phase analysis in polycrystalline samples was too
imprecise.

TpV(x) = nL(x) + (1 — n)G(x) (section eq. .
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Summarising, milling down to grain sizes below 20 pm, and afterwards annealing
under the experimentally adjusted conditions according to section was the
method in order to achieve high-quality samples for XPD analysis. The typical
processes in the annealing of metals are recovery, recrystallization, and grain growth,
i.e. Ostwald ripening [116, [117].

4.5 Single crystal growth of Ga; ,Sn,.Pd

According to pre-experiments and the comparable low temperatures, congruent-close
growth of Ga;_,Sn,Pd is possible in principle [26], 27]. Therefore, an attempt with
an almost—congruentfz] composition, i.e. with a Pd content of y;, = 50 E was made,
described in section [3.2.2] However, alternating cycles of rapid lateral growth, and
subsequent separation of the seed from the melt caused the growth experiment to
fail. Due to the congruent-close composition, slight changes in temperature may
result in either large amounts of material crystallizing or melting, respectively. Ac-
cordingly, any limiting factor is missing for stable crystal growth. Such limiting
factors are typically either the slope of the liquidus line/surface in the incongruent
case, or latent-heat release by high enough pulling rates in the case of congruent
growth [48]. A comparable case is the crystal growth of the phase FeGas ,Ge,,
where the liquidus surface is almost horizontal [48], 89]. The same difficulties apply
here. Due to the low crystallization masses per time, automatic diameter control is
not possible, and it can only be visually evaluated, and then adjusted by the opera-
tor. Accordingly, if the crystal growth is unstable, the diameter development is very
difficult to control in the apparatus used. Again, the thermal radiation is estimated
to be an important factor, similar as discussed in section At high temperatures
(in this case 1000°C — 1100°C) heat transfer is still dominated by thermal radiation,
according to Planck’s radiation law [46]. Hence, a medium for thermal convective
transport becomes less important but the importance of thermal radiation from the
crystal to the environment increases. If the diameter increases, i.e. the crystal de-
viates from the cylindrical shape, the radiation is directed more towards the upper
part of the apparatus and heat is increasingly removed by radiation into the upper,
cooler part of the apparatus. Consequently, the crystal is cooled stronger and en-
hanced lateral growth takes place, reinforcing the effect. Since the melt is almost
congruent, small temperature reductions cause a comparable large mass to freeze,
and a chain reaction takes place. The observed needle-like lateral outgrowths cre-
ated additional heat loss from the system, self-reinforcing their lateral expansion.
To avoid uncontrolled lateral growth in such cases, heating during the growth of the
shoulder and during the increase of the diameter may be necessary [48, 89]. In the
case of Ga; ,Sn,Pd, heating was applied without pulling, in order to reduce the
protruding lateral outgrowth. However, the longest laterally grown tips remained
stable, while dissolution started at areas being closer to the centre of the crystal.
This may be consistent, since the heat radiation from the lateral outgrowths may
be higher than that from the centre of the crystal, since their surface points directly
towards the upper, colder part of the growth chamber, while heat radiation from
the centre may be reduced by the seed and the seed holder.

12A pure congruent mixture is not known since always strong segregation between Ga and Sn
was observed.
13 According to the description (Gaj_x, Snx; )100-y, Pdy, -
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In the further process, in order to reduce the diameter to the desired size and a
rounded shape, the heating power was slowly increased until the lateral outgrowths
also started to dissolve. However, when the turning point was passed and the lateral
outgrowths started to dissolve, suddenly the previously emitted thermal radiation
from the outgrowths was missing, and as a result the temperatures at the phase
boundary became too high. Typically the dissolution of the complete remaining
rest of the crystal and the tip of the seed, and accordingly the separation from the
melt was the consequence.

Summarizing, in the case of Ga;_,Sn,Pd a limiting factor for lateral growth was
missing because of the congruent-close composition, and latent heat was neglectable
due to slow pulling rates. The reason to apply slow pulling rates (especially in the
case of Garrich solutions) is to avoid the trapping of mother liquid inclusions. As
growth from an almost congruent composition was carried out here, faster pulling
could have been attempt to achieve more stable crystallization. However, in the
case of Ga;_,Sn,Pd, strong segregation between Sn and Ga in the melt, and a very
low substitution limit of Ga by Sn in the crystal is known, and too fast pulling rates
will therefore lead to the trapping of Sn-rich inclusions [26, 27]. The second growth
attempt, using a solution with lower Pd-content (i.e. a more incongruent compo-
sition) and the same Ga-Sn ratio, proved to be successful because the incongruent
crystal growth from (Ga,Sn)-rich solution serves as a limiting factor.



Chapter 5

Single crystal growth and
characterization of GagPdﬂﬂ

5.1 Introduction

Due to recent studies on Ga-Pd binary compounds and their promising proper-
ties in heterogeneous catalysis, especially in the semi-hydrogenation of acetylene
[T, 6, [7, 12], efforts were made in order to achieve single crystal growth of the most
promising phases. Those allow basic research and understanding of the elementary
processes of catalysis, including anisotropic effects. For studying surface structures
of differently oriented crystallographic faces as well as their catalytic properties,
typically samples up to 1 cm? in size are needed that should be prepared from single
crystals of appropriate size. For this purpose Ga;Pds and GaPd (both cubic) as
well as GaPd, (orthorhombic) have been grown as cm-sized single-crystals by the
Czochralski technique from Ga-rich solutions [10, [I1] and have been studied in detail
[14], [15] [11§].

During the growth of GaPd,, sometimes the peritectic to the next crystallizing
phase (GasPds, fig. could be observed at the end of the grown crystals. This
always happened when the solid/liquid interface temperature dropped below the
peritectic point where the primary crystallization region of GagPds starts. More in-
terestingly, thin lamellae of GagPds5 were found in the GaPd, crystal. These lamellae
are always epitaxially oriented at the shared interface[], with (001)gapa, being par-
allel to (010)gaspds, i-e. independent of the pulling direction of the GaPdy crystal.
Upon cooling of the primarily crystallized GaPd, phase, GasPds precipitation is
thermodynamically driven by the retrograde solubility of Ga in GaPd, at tempera-
tures below approx. 1030°C. The perfect fit of the two phases results from two pairs

In addition to the author of this dissertation, who is the main contributor, other authors have
also contributed to the following part. Peter Gille, Sektion Kristallographie, Ludwig-Maximilians-
Universitdat Miinchen, supervised all experimental work. Judith Schwerin, Sektion Kristallographie,
Ludwig-Maximilians-Universitdat Miinchen, contributed preliminary work and the supply of the ma-
terial from which a first GagPds seed could be prepared. So-Hyun Park, Sektion Kristallographie,
Ludwig-Maximilians-Universitdt Miinchen, supervised the X-ray single crystal experiments, the
structure solution and the single crystal structure refinement. Ulrich Burkhardt, Max-Planck-
Institut fiir Chemische Physik fester Stoffe Dresden, carried out the scanning electron microscopy
and EDX measurements. Wilder Carillo-Cabrera, Max-Planck-Institut fiir Chemische Physik fes-
ter Stoffe Dresden, carried out the transmission electron microscopy.

IThe two orthorhombic phases share two lattice parameters
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of almost similar lattice constants. In the case of GazPds the lattice parameters a
and c fit to the lattice parameters a and b of GaPds, respectivelyﬂ Moreover, in an
early paper Grin has stressed that the structural similarity of various Ga-Pd phases
can be understood in terms of polymorphism with the fashion of stacking sequences
of the same layers or structure sequences [24]. It has been speculated that those
epitaxial lamellae may be formed by spinodal decomposition of the supersaturated
GaPd, phase [I1]. According to a recent investigation by Burkhardt et al. [81],
lamellae spacing within the tiny length scale of atomic distances conflicts with a
stable coexistence of two phases.
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Figure 5.1: Ga-Pd phase diagram. Drawn after [23] and [120].

In order to study the intrinsic properties of phase-pure GagPds, it was decided
to grow a single crystal with at least several millimeters in size. The difficulties of
growing GagPdj5 arise from the very narrow window of temperature and composition
(fig. , where the compound can be grown from incongruent solution. Due
to superior features of the Czochralski technique, and the long-term experience in
applying this method to the growth of intermetallic compounds from incongruent
melts, this technique was used here for GagPd; as well.

5.2 Growth strategy

According to the Ga-Pd phase diagram (fig. , GagPdj5 is stable in the region
of 62—63 at.% Pd, and crystallizes from Ga-rich solution in a very narrow window
between 58.3 to 57.1 at.% Pd in the temperature range of 1030°C > T" > 980°C [23].
Therefore, it can be grown incongruently below its peritectic temperature only. The

2The structures of GazPds [25 51] and GaPd, [36,119] have been published in different setups.
In this thesis for GagPds the setup a = 5.41(1) A, b = 10.49(1) A, ¢ = 4.02(1) A [25], and for
GaPdy a = 5.4829(8) A, b = 4.0560(4) A, ¢ = 7.7863(8) A, according to [36] are used.
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narrow region where the GazPd; phase is in equilibrium with the liquid restricts the
yield of the target phase, unless a re-feeding technique is applied (e.g. zone melting).
In those challenging methods the problem would have been shifted to the supply of
an appropriate starting material. Based on a lever rule calculation [50], a theoretical
yield of a phase fraction of approx. 23 % can be expected even from a directional
solidification method like Czochralski, on the other hand. Additional to good ob-
servation possibilities during the Czochralski growth process, the critical seeding
can be done precisely and relatively uncomplicated, which is highly advantageous
for this technique. If the experiment targets at a new phase from which no piece
is available, large enough to prepare a small seed crystal, several tricks have been
reported in literature how to start [49]. For the Czochralski growth of GasPd; it
was taken advantage from the side effect of previous experiments mentioned above.
A well-oriented seed could be prepared from a small part of GazPds, epitaxially
crystallized at the very end of a GaPdy crystal, pulled in [001] direction.

The incongruent growth of GazgPd; starts just below its peritectic temperature
with a melt composition of approx. 58.3 at.% Pd and ends up in an eutectic mixture
of GazPd; and GayPds. Growing the crystal up to the eutectic point would result in
an abrupt solidification of the whole rest of the melt with the crystal being stuck in
the eutectic fabric. This case leads to the grown crystal being at least partially dam-
aged, since the crystal and the crucible rotate in opposite directions. Furthermore,
the single crystal and the eutectic may have different thermal expansion coefficients,
leading to tensions and cracks in the previously grown crystal. This is the reason,
why crystal growth must be completed prior to reaching the eutectic temperature,
which reduces again the yield possible for this experiment. As there is no thermo-
couple inserted into the melt, absolute temperature measurements are hard to be
achieved and a setpoint (SP) temperature is measured only from a thermocouple,
placed in direct contact to the graphite heater. Therefore, the end of the crystal
growth needs to be estimated by observing the SP temperature difference from the
SP temperature at the seeding (i.e. starting) conditions. An additional criterion for
finding the suitable end of the crystal growth process is estimating the crystal’s size,
compared with the theoretical yield. Both methods are imprecise and, hence, the
pulling should be completed by detaching the crystal from the melt early enough in
order to prevent destructive forces to the grown crystal.

5.3 Experimental section

5.3.1 GazPd; single crystal growth

The starting composition Gay; 9Pdss 1 of the Ga-rich solution was chosen according
to the phase diagram and a slight difference to the reported peritectic point (fig.
b.1). The Ga pieces (5N-grade, Chempur) were reduced by heating in a glassy carbon
crucible under Hy atmosphere (5.0-grade). The surfaces of the Pd ingots (3N5-grade,
Degussa) were etched in aqua regia and cleaned in an ultrasonic bath with distilled
water and acetone p.a.. The overall mass of the starting components was 46.46 g.
From this mass, a maximum yield of approx. 10 g GazPds; was calculated, according
to the phase diagram.

For synthesis and high homogeneity of the starting solution, the metallic educts
were placed in a 15 mL high-shaped alumina crucible (Alsint 99.7, Haldenwanger)
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under Ar atmosphere (5.0-grade) of ambient pressure in a radio frequency generator.
Slow heating was found to be critically decisive in order to reduce the speed of
the strongly exothermic reaction which might cause the ceramic crucible to crack.
A maximum SP temperature of approx. 1250°C was hold for an hour to achieve
complete homogenization. Then, the sample was quenched to room temperature by
switching off the heating power. The aim was to achieve a chemically homogeneous,
fine-grained ingot, which easily dissolves in the Czochralski apparatus, where mixing
is limited to the accelerated crucible rotation technique (ACRI[) [45].

The pre-synthesized ingot was transferred into a 10 mL wide-shaped alumina
crucible (Alsint 99.7, Haldenwanger) and placed in the Czochralski apparatus, de-
scribed in [44]. In the present study, the Czochralski apparatus was equipped with
a meander-shaped graphite heater instead of the former Kanthal resistance heater.
A [001]-oriented, 9 mm long, and wedge-shaped seed crystal was cut out of the epi-
taxially crystallized GazPds; sample mentioned in the previous section. The seed
was fixed in a ceramic seed holder [44] and then mounted to the pulling rod of the
apparatus.

The fully metal-sealed Czochralski apparatus was evacuated to a vacuum in the
10~ mbar range, and then filled with Ar (5.0-grade) up to 545 mbar at room tem-
perature, approximating atmospheric pressure at growth temperature. The solution
was heated with a rate of 500 K/h to a SP temperature of 1100°C and then homoge-
nized for 18 h while ACRT was applied. Since neither the exact liquidus temperature
nor the exact melt temperature were known, the SP temperature appropriate for
seeding was determined by slowly cooling the solution until homogeneous nucleation
was observed. Then, very slow heating was applied, until the very last crystallites
dissolved. The temperature where the last crystallites dissolve corresponds to the
liquidus temperature of the solution, and therefore to the right seeding temperature.
Seeding was carried out by slowly lowering the seed to the melt at moderate rotation
of the crystal and reverse rotation of the crucible. At first contact, the seed crystal
was suddenly wetted by the melt. This region was carefully re-molten later, before
crystal growth was started by pulling. After successful seeding, the crystal rotation
rate was increased to 40 rpm and the crucible rotation rate to reverse 15 rpm. The
pulling of the crystal was started at a rate of 75 pm/h and later continuously re-
duced to 20 pm/h. A very low growth rate has been found to be necessary in earlier
experiments from high-temperature solutions, to avoid mother liquid inclusions [49].
A temperature program with decreasing SP temperatures and a maximum cooling
rate of 0.10 K/h was used to compensate the slope of the liquidus curve. In order
to test if the growing crystal can be forced to get a round cross section, the crystal’s
rotation rate was later increased from 40 rpm to 50 rpm and to 63 rpm.

After 6 mm of pulling, the crystal was detached from the melt with an accelerated
pulling rate of 20 mm/h. Finally, the crystal was cooled with a rate of 250 K/h down
to room temperature within the growth apparatus.

5.3.2 Surface preparation

Cutting of the crystal was done in well-oriented crystallographic planes with the
wire lapping saw WS 22 (KD UNIPRESS), using a 50 pm tungsten wire, and a

3 Accelerated crucible rotation technique is a stirring method by alternating accelerating and
decelerating of the crucible rotation [45].
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slurry of 800 mesh boron carbide powder and glycerol. Cutting by lapping ensures
a minimum surface damage and reduces material loss. The obtained crystal slabs
were mechanically polished with diamond paste of decreasing grain sizes down to
0.25 num, followed by a chemo-mechanical polishing step with Syton OP-S (Struers).

5.3.3 Analysis
5.3.3.1 Laue backscattering method

Laue backscattering, with a Laue camera, equipped with a Mo X-ray tube and an
image plate, was used to align the crystal in the desired orientation on a goniometer
head, which could be transferred to the wire saw for oriented cutting. Furthermore,
raster scanning of the grown crystal allowed to prove the single-crystallinity.

5.3.3.2 X-ray powder diffraction

For X-ray powder diffraction (XPD) the grown crystal samples were ground in an
agate mortar and annealed under Ar atmosphere in fused silica ampoules for 12 h
at 800°C to overcome grinding-induced peak broadening. High-resolution XPD data
were collected on a 1D position-sensitive semiconductor detector (PSD, 1D Meteor)
on a Bragg-Brentano diffractometer (GE XRD3003 TT) with Cu-K «; radiation (Ge
(111) monochromator). The data collection was performed with steps of 20 = 0.013°
in the range of 10° < 26 < 130° with an internal LaBg standard (NIST 660c) on a
zero-background quartz sample holder. Compared to these data, collected in reflec-
tion mode, preferred orientation effects on Bragg intensities could be suppressed in
Debye-Scherrer geometry, using glass capillary sample holders. These transmission
measurements were carried out with a phase mixture of 70 wt.% of the main phase,
and 30 wt.% of «Al,O3 (corundum, NBS 674a) as standard reference material. The
data acquisition was conducted on a STOE KRISTALLOFLEX diffractometer, with
Mo-K a4 radiation (Ge (111) monochromator), and a PSD step size of 20 = 0.1° in
the range of 5° < 26 < 70°. Rietveld refinement and lattice parameter refinement
by Le Bail fitting was done with the program package FullProf [61].

5.3.3.3 X-ray single crystal diffraction

For the use in X-ray single crystal diffraction (XSD), a part of the single crystal
was crushed, and the resulting crystallites were annealed under Ar atmosphere at
800°C for 12 hours. Measurements without annealing always showed poor results,
usually Debye-Scherrer rings or reflexes with tails. The attempt to produce round
grains by means of an air-flow-driven ball mill failed, since the grains obtained in
this way always showed pronounced Debye-Scherrer rings in the diffraction patterns,
even after annealing. Small single crystals in size of approx. 30 x 30 x 30 pm?® were
selected, attached on a glass fibre, and mounted onto a Nonius goniometer. Due to
the anisotropic cleaving behaviour crystallites had the tendency to be elongated in
the [100] direction. (Most measurements were carried out on a crystallite with the
dimensions 20-30-50 pm3.) XSD data collection was performed on a four-circle single
crystal diffractometer (GEMINI, Rigaku-Oxford), equipped with a charge-coupled
device (CCD) detector (Atlas) using both, Mo-Kay (Graphite (002) monochroma-
tor) and Cu-K« (mirror optic) radiation. To get a high redundancy, numbers of
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frames of XSD data were collected in ¢-scans (Ap = 1°) at 20-dependent exposure
times up to d = 0.6 A. To check diffuse scattering an additional XSD data set was
acquired with a step width of Ay = 0.1° up to d = 0.8 A. Structure solutions were
done with the Direct Method with the program SHELXS [121], and the obtained
starting models were further refined with the program package Jana2006 [122].

5.3.3.4 Electron microscopy

A Cameca SX-100 electron-probe microanalysis (EPMA), equipped with a LaBg
cathode was used for chemical composition measurements by wavelength-dispersive
X-ray spectroscopy (WDX), and for backscattered electron imaging (BSE) at 15 keV
and 40 nA. A thin slab of the crystal, cut perpendicular to the growth direction,
was polished with diamond paste down to a grain size of 0.25 pm and then fixed
on the sample holder with conductive silver lacquer. Calibration was done using a
standard of binary GaPd. LPET and LiF crystals were used to measure Pd-La and
Ga-K« lines, respectively. The PAP model was applied for matrix correction [67].
For electron backscatter diffraction (EBSD) the Kikuchi patterns were acquired,

using a Bruker Quantax EBSD system with a €  Flashf detector and the software
package Esprit, version 2.2. The resolution for the Kikuchi patterns was 320 x
240 pixels, the acceleration voltage 15 kV, the sample distance 18 mm, and the
samples were tilted by 70°. The EBSD system was mounted to a scanning electron
microscope (SEM, Jeol JSM 7800 F) with an ARGUS™ imaging system, including
two backscattered electron (BSE) and three forescattered electron (FSE) detectors.

Since precipitates were found in the bulk GazPds, samples for transmission elec-
tron microscopy (TEM) were prepared by the focused-ion-beam (FIB) lift-out tech-
nique [123]. Thin cross-sections of the crystalline phases were extracted from a
polished sample. Defined crystallographic cross-sections could be obtained by ori-
enting the crystals prior to cutting. The FIB lift-out technique was performed on
a FEI Quanta 200 3D ion/electron dual beam SEM (FEI Company, Eindhoven,
the Netherlands), equipped with an Omniprobe micro-manipulator (W needle).
The FEI SEM can be used both, as SEM and scanning ion microscope (SIM).
For SEM and SIM an Ever-

hart-Thornley  secondary-electron / /
detector (ET-SED) was used for = /Aéaﬁojtaw Pt /
SE imaging.  For back-scattered- / s /
electron (BSE) imaging a solid-state /f,,::t::j;f;vﬁ:::ijff; -
back-scattered-electron detector /

(SSD-BSD) was used. Before the ~bulk Ga,Pd, /

FIB cross-section extraction, pro-

tecting Pt layers (24—28 pm long, 3 Figure 5.2: Schematic sketch, regarding the
pm thick and 2—3 pm high, fig. [5.2) investigated section, protected by a Pt layer
were deposited on selected regions and then eroded from the surrounding mate-
(perpendicular to the directions rial.

[010] and [011] of GagPds, using

an acceleration voltage of 30 kV and a current of 0.1 nA. The initially rough
cross-sections (2 pm thick) were prepared by applying a Ga ion beam using an
acceleration voltage of 30 kV and a current of 3—1 nA. Each rough-machined FIB
cut was transferred onto a Mo TEM holder using the in-situ lift-out technique
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[123]. Finally, each FIB cross-section was thinned to a thickness of approx. 80
nm by applying an acceleration voltage of 30 kV with currents decreasing from
0.5—0.01 nA. These FIB cuts are relatively thick and cannot be used for HRTEM
but suit well for a selected area electron diffraction study. Conventional TEM and
selected area electron diffraction (SAED) were performed on a FEI Tecnai F30-G2
super-twin microscope operating at 300 kV, equipped with a CCD camera (GATAN
Inc.) and a standard double-tilt holder (GATAN Inc.) with a tilting range of £+ 40°
around the holder axis and + 30° perpendicular to the holder axis. For the SAED
images the aperture shadow on the sample had a diameter of 290 nm or 840 nm,

respectively. The images were stored as files in dm3 format and were processed and
analysed with Digital Micrograph (version 3.21.1374.0, GATAN Inc.). [124]

5.3.3.5 Differential thermal analysis

Differential thermal analysis (DTA) was conducted with a Netzsch 404/3/F DTA
system under stationary Ar atmosphere of ambient pressure. Two samples of 20
and 35 mg were measured in a 30 pl alumina crucible with corundum powder as
reference. Data acquisition was executed while heating with a rate of 2 K/min, and
subsequently cooling with 2 or 1 K/min, as well as 5 K/min for both, heating and
cooling. The DTA was calibrated with the melting point of Ge (T, = 937.4°C)
under equivalent conditions.

5.3.3.6 Density measurements

The mass density was measured with Archimedes’ principle on a single-crystalline
piece of 0.8 g. Diethyl phthalate was used as buoyancy liquid, and a piece of Si as
standard for calibration. An air density correction was applied regarding the actual
temperature and station pressure datalzﬂ.

5.4 Results

5.4.1 Single crystal growth of GazPds;

During searching for the seeding temperature, it could already be observed that
crystallites of GazPds grew in a pronounced anisotropic manner, i.e. as needles
on the surface of the supercooled solution. This made the determination of the
liquidus temperature easy as slow dissolving of the needles could be clearly seen.
The maximum supercooling for needle formation observed in the solution was less
than 2 K.

4Meteorologisches Institut Miinchen, Theresienstrafle 37, 80333 Miinchen
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Figure 5.3: a) Czochralski-grown GagPds single crystal with very stable (010)
faces that are macroscopically stepped, thus forming vicinal planes. b) The for-
mer solid/liquid interface is slightly concave. c¢) {110} facets, formed at the corners
of the crystal.

The obtained GagPds single crystal (fig. has the same orientation as the
seed and is inclusion-free, with a total mass of 3.1 g. In the first two millimeters
after seeding the crystal grew with an evenly rounded diameter, forming a shoulder
typically for Czochralski-grown crystals. Then the cross-section perpendicular to
the pulling axis evolved to an almost rectangular shape with the dimension in [100]
direction being nearly twice the length of the dimension in [010] direction. Addition-
ally, a very stable (010) plane was formed (figs. a and b). This is very unusual
since almost all Czochralski-grown intermetallic crystals exhibited a circular cross
section or sometimes an elliptic shape. Still, the rectangular cross section of the
GagPd; crystal was formed at the three-phase (solid-liquid-gas) interface and did
not grow below the melt leveﬂ. Having a closer look at the grown (010) face, it was
found to be a vicinal face formed by microscopic steps of constant height of 3 pm. In
the main part the deviation to the (010) plane is 9°, and in the very last millimeter
the amount of steps decreases, resulting in a lower tilt of 3.5°. The changes of the
diameter themselves are influenced by the applied temperature-time program, as
usual in incongruent Czochralski growth. The growth interface is slightly concave

(fig. .3} b).

5This is a distinction between the Czochralski method and top-seeded solution growth, where
the crystal grows below the melt surface and typically forms facets.
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5.4.2 Thermal and chemical analyses of GazPds;

WDX measurements revealed a composition of Gagy.s2)Pds2.5(2) in the first-to-freeze
region and Gagrea17yPde2.3717) at the very end. The experimentally determined
density of GazPds was measured as pe,, = 10.66(2) g/cm?.
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Figure 5.4: DTA heating and cooling curves of single-crystalline GazPds.

The measured DTA curves (fig. [5.4) are consistent with the reported phase
diagram in the first instance (fig. [5.1) [23]. The heating curves show peaks at
930°C, at 980°C and at 1027°C. The cooling curves show peaks at 1026°C and 981°C.
A certain signal occurring at 758°C was found in two cooling curves with a cooling
ramp of 5 K/min. However, not all of the observed signals in the DTA curves can be
explained by cooling or heating a single crystal, grown from liquid phase, according
to the phase diagram. Possible solid-solid transitions which might be kinetically
restrained could occur in the system. Therefore a slice of GagPds; was cooled from
high temperatures very slowly to room <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>