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Abstract

Phase-change materials (e. g. GeTe, GeSe, SboTe; and Sb,Se3) are characterized by
an ultra-fast switching between an amorphous and a crystalline phase and thus,
these materials are considered to be hopeful candidates for applications in future
computer-based memories which allow a more reliable, more efficient and more ca-
pable data storage. In the crystalline phase a strong properties contrast between the
tellurides and selenides is observed and and it was concluded that this is due to
different bonding schemes. While the tellurides are believed to exhibit a metava-
lent bonding scheme, the selenides are covalently bonded. However, up to now, the
metavalent bonding scheme is still under discussion and it is not completely under-
stood.

This study is focused on the GeSe,Te;_, and SbyoTe;_,Sey solid solutions which are
both relevant systems of phase-change materials. According to the conception of the
metavalent bonding scheme it is expected that composition-induced changes and
the application of low-temperature and/or high-pressure lead to either a weakening
or a collapse of this bonding, however, an experimental conformation is missing.
The influence of composition-induced changes, low-temperature and high-pressure
on the structural parameter of compounds from the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75,
1) solid solution was investigated by a combination of powder and single crystal
diffraction. At ambient conditions, three phases, a rhombohedral (0<x(Se)<0.52), a
hexagonal (0.58<x(Se)<0.86) and an orthorhombic (0.91<x(Se)<1) one, exist in this
system. All phases are stable down to at least 25K and no evidences for structural
phase transition have been observed. The thermal behavior of the rhombohedral
compounds differs significantly from the one of hexagonal GeSe( 5Teg 25 which is
explained by the additional Ge--Ge and Se/Te--Se/Te interactions which are only
present in the crystal structure of the hexagonal phase. Compounds from the sta-
bility field of the rhombohedral phase (x=0, 0.2, 0.5) follow the pressure transition
pathway:

GeTe-I (R3m)—GeTe-I1 (FCC)—GeTe-III (Pnma).

A first-order nature for all observed phase transitions is suggested. It was found that
all phase transitions are reversible. For the GeTe-III polymorph, a new crystal struc-
ture was determined and it was demonstrated that earlier structural models are er-
roneously. GeTe-IlI is isostructural to B-GeSe, a high-pressure and high-temperature
polymorph of GeSe, and crystallizes in the orthorhombic space group Pnma with lat-
tice parameter of 2=7.3690(18) A, b=3.9249(10) A and ¢=5.698(9) A. In the structure,
Ge--Ge and long-ranged Te--Te interactions are present. Hexagonal GeSeq 75Teg 25 is



stable up to at least 23 GPa. While the GeTe-I and GeTe-II phases are believed to be
metavalently bonded, the GeTe-III phase and GeSey 755Se 25 are predominately cova-
lently bonded. Thus, the metavalent bonding scheme in the system GeSe,Te;_, is
limited by the formation of Ge:-Ge and groupVI--group VI interactions and it can be
broken by both, the application of high pressure and composition-induced changes.

The influence of low-temperature and composition-induced changes on the lattice
dynamics of the SbyTe;_,Sey solid solution was studied by a combination of low-
temperature heat capacity measurements and X-ray and neutron spectroscopic tech-
niques. For compounds from the stability field of the tetradymite structure type
(0<x(Se)<1.8) a significant composition-induced increase of the Debye temperature
was found indicating a lattice hardening and a stiffening of the chemical bonds with
increasing Se content. The total and Sb and Te partial phonon density of states were
determined and a detailed analyis of the vibrational properties was performed. It
was found that the bonding character of part of the Sb-Se/Te bonds change signifi-
cantly with increasing Se content. The application of low-temperature and composition-
induced changes lead to a weakening of the metavalent bonding character in the
system SbyTe;_,Sey, however, in a way which differs from what was suggested in
previous studies. The experimental data obtain on Sb,Se; are in excellent agreement
with the results of a theoretical study reported in the literature.



Zusammenfassung

Phasenwechselmateralien (z. B. GeTe, GeSe, Sb,Te; und Sb,Ses) sind durch einen
ultra-schnellen Phaseniibergang zwischen einer amorphen und kristallinen Phase
gekennzeichnet, durch welchen sie fiir Anwendungen in der Entwicklung von ef-
fizienteren, verldsslicheren und belastbareren Datenspeichern in Frage kommen. In
fritheren Untersuchungen wurde ein starker Eigenschaftskontrast zwischen den kris-
tallinen Telluriden und Seleniden nachgewiesen, welcher auf verschiedene Bindungs-
arten in beiden Substanzklassen zurtiickgefiihrt wurde. Wahrend die Telluride einen
metavalenten Bindungstyp aufweisen, sind die Selenide tiberwiegend kovalent gebun-
den. Die metavalente Bindung ist noch nicht vollstindig verstanden und Gegen-
stand der aktuellen Forschung.

In dieser Arbeit wurden die Mischkristallreihen GeSe,Te;_, und Sb,Te;_,Se,, die
zu den wichtigsten Systemen im Bereich der Phasenwechselmaterialien zdhlen, un-
tersucht. Geméfs dem Modell des metavalenten Bindungstyps, fithren Variationen
des Se-Gehalts ebenso wie die Anwendung hoher Driicke und/oder tiefer Tempera-
turen zu einer Abschwéchung bzw. einem Bruch der Bindung. Ein experimenteller
Nachweis dieser Hypothese wurde bisher noch nicht erbracht.

Der Einfluss einer Variation des Se-Gehalts sowie von tiefen Temperaturen und ho-
hen Driicken auf die strukturellen Eigenschaften von Mischkristallen aus dem Sys-
tem GeSe,Te; _, wurde mit Hilfe einer Kombination von Einkristall- und pulverdif-
fraktometrischen Methoden untersucht. Bei Raumbedingungen wurden drei Phasen,
eine rhomboedrische (0<x(Se)<0.52), eine hexagonale (0.58<x(Se)<0.86) und eine
orthorhombische (0.91<x(Se)<1), in Abhdngigkeit des Se-Gehalts im System GeSe, Te;_,
nachgewiesen. Alle Phasen sind bis mindestens 25K stabil und es wurden keine
Anzeichen fiir strukturelle Phasenumwandlungen beobachtet. Das thermische Ver-
halten der rhomboedrischen Mischkristalle unterscheidet sich signifikant vom der
hexagonalen Phase. Dies wurde auf die zusitzlichen Ge--Ge- und Se/Te--Se/Te-
Wechselwirkungen, welche ausschliefilich in der Kristallstruktur der hexagonalen
Phase nachgewiesen wurden, zuriickgefiihrt. Fiir die Mischkristalle aus dem Stabi-
litatsfeld der rhomboedrischen Phase (x=0, 0.2, 0.5) wurden nachfolgende druck-
induzierte Phasenumwandlungen beobachtet:

GeTe-I (R3m)—GeTe-11 (FCC)—GeTe-III (Pnma).

Die Ergebnisse dieser Arbeit lassen auf Phasenumwandlungen 1. Ordnung schliefSen.
Dabei sind alle Phasenumwandlungen reversibel. Fiir die Phase GeTe-IIIl wurde eine
neue Kristallstruktur bestimmt und es wurde gezeigt, dass vorausgegangene Struk-
turmodelle fehlerhaft sind. GeTe-III ist isostrukturell zu B-GeSe, einem Hochdruck-



und Hochtemperaturpolymorph von GeSe, und kristallisiert in der orthorhombischen
Raumgruppe Pnma mit Gitterparametern von a=7.3690(18) A, b=3.9249(10) A und
¢=5.698(9) A. In der Kristallstruktur wurden Ge:-Ge- und langreichweitige Te--Te-
Wechselwirkungen nachgewiesen. GeSep755€ep25 ist bis mindestens 23 GPa stabil.
Wiéhrend die Phasen GeTe-I und GeTe-II als metavalent gebunden angesehen wer-
den, weisen GeSey 755ep 25 und GeTe-IlI einen tiberwiegend kovalenten Bindungstyp
auf. Somit konnte gezeigt werden, dass die metavalente Bindung im System GeSe,Te;_
durch die Bildung von Ge--Ge- und langreichweitigen GruppeVI--GruppeVI-Wechsel-
wirkungen begrenzt ist. Ein Bruch der metavalenten Bindung kann sowohl durch
die Anwendung hoher Driicke als auch Variationen des Se-Gehalts herbeigefiihrt
werden.

Der Einfluss von tiefen Temperaturen und Variationen des Se-Gehalts auf die Git-
terdynamik von Mischkristallen aus dem System Sb,Tez_,Se, wurde mit Hilfe von
Tieftemperaturwarmekapazitdtsmessungen und Rontgen- und Neutronen-spektros-
kopischen Methoden untersucht. Fiir Mischkristalle aus dem Stabilitdtsfeld des
Tetradymit-Strukturtyps (0<x(Se)<1.8) wurde ein signifikanter Anstieg der Debye-
Temperatur mit zunehmendem Se-Gehalt nachgewiesen, welcher auf eine Verstei-
fung des Kristallgitters und der chemischen Bindungen zuriickzufiihren ist. Die
gesamte sowieso die Sb- und Te-Phononenzustandsdichten wurden bestimmt und
eine detaillierte Analyse der Gitterdynamik durchgefiihrt. Es zeigte, dass sich mit
zunehmendem Se-Gehalt der Bindungscharakter einiger Sb-Se/Te-Bindungen sig-
nifikant @&ndert. Die Anwendung tiefer Temperaturen und Variationen des Se-Gehalts
fithren zu einer Abschwédchung des metavalenten Bindungscharakters im System
SbyTez_,Sey, allerdings in einer Art und Weise, welche im Widerspruch zu dem in
vorausgegangenen Arbeiten diskutierten Modell steht. Die fiir SboSe; bestimmten
experimentellen Daten stimmen sehr gut mit den Ergebnissen von vorausgegan-
genen theoretischen Rechnungen {iiberein.



Chapter 1

Introduction

Phase-change materials (e. g. GeTe, GeSe, SbyTes, SbySes) are characterized by an
ultra-fast switching between an amorphous and a crystalline phase [1, 2, 3, 4]. The
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FIGURE 1.1: The bonding map of phase-change materials [5]. The
two systems investigated in this thesis are indicated.

transition is accompanied by a pronounced change of the optical and electrical prop-
erties [2, 3, 4]. Due to the switching kinetics and property contrasts paired with tran-
sition temperatures of about 393-693 K, phase-change materials (PCM) were consid-
ered to be potential candidates for non-volatile optical data storage and e.g. PCM-
based DVD’s have been developed previously [2, 4]. Nowadays, the request for still
faster, more efficient and more reliable data storage is unbroken. Thus, the under-
standing of the switching kinetics and mechanisms as well as the structural stability
and the lattice dynamics of phase-change materials is of key importance in order to
find promising materials that satisfy the request for more capable data storage.

Also in the crystalline phases a pronounced property contrast between the tellurides
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and selenides has been observed previously and it was demonstrated that the ther-
moelectric [6, 7] and optical [8, 7] properties of crystalline GeTe and Sb;Tes, respec-
tively, change significantly when Te is exchanged by Se. In the literature (e.g. [9,
10]), it was suggested that this is mainly due to different bonding scheme in the re-
spective crystal structures of the selenides and tellurides. While the selenides are
predominantly covalently bonded, for the tellurides a so-called "metavalent" bond-
ing scheme was suggested.

Previously, Littlewood [5] has studied the bonding properties of phase-change ma-
terials by theoretical calculations and he developed a materials map in which the
different bonding schemes can be clearly distinguished. For this, he introduced two
bonding indicators which are the hybridization and the ionicity. While the former
indicator is correlated with localization of electrons between the bonded atoms, the
later one provides information on the polarity of the bonding. In general, three dif-
ferent structure types have been observed for binary phase-change materials which
are a rhombohedral, a cubic and an orthorhombic one (figure 1.1) [5]. Phase-change
materials with a comparatively low symmetric orthorhombic structure (e.g. GeSe,
Sb,Se3) are located in the field of covalently bonded compounds, whereas chalco-
genides with higher symmetric rhombohedral (e.g. GeTe, SbyTe3) and cubic struc-
tures, respectively, exhibit a metavalent bonding scheme.

In all compounds shown in figure 1.1 an octahedral coordination around the group
IV, V and VI elements is favorable [5]. However, for phase-change materials like
GeTe and GeSe there are in average only three p electrons available per atom and
the 8-N rule predicts therefore only three covalent Ge-Te/Se bonds per atom. In
a covalently bonded phase-change material, the tendency to localize bonding elec-
trons between the atoms is large and thus, the octahedral coordination is obtained
by three shorter covalent bonds and three significantly longer interactions. Thus, the
covalent bonding scheme is in agreement with the 8-N rule [11].

In contrast to this, for metavalent bonded phase-change materials, the tendency to
localize the bonding electrons is smaller than for covalently bonded compounds, but
still larger than for metallically bonded ones. The metavalent bonding is character-
ized by a complete delocalization of the bonding electrons similar to the metallic
bonding scheme [5]. However, in contrast to metallic bonding in which s or d elec-
trons are delocalized, in metavalently bonded materials the bonding is preferentially
promoted by p electrons (which usually tend to form covalent bonds). Obviously,
in order to gain an octahedral coordination, in metavalently bonded materials the
bonding is formed by less than two electrons per bond and thus, the 8-N rule is bro-
ken [11]. It should be mentioned at this point that the contribution of s electrons
to the bonding scheme by hybridization is much larger in covalently bonded com-
pounds than in materials with a metavalent bonding scheme [5, 11].

In figure 1.1, for all depicted phase-change materials with a cubic structure the
metavalent bonding leads to six equally long bonds, whereas for all shown com-
pounds with a rhombohedral structure there is an additional contribution of a Peierl’s
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distortion to the bonding scheme which weakens the strength of the metavalent
bonding character.

This thesis is focused on two relevant systems of phase-change materials: GeSe,Te;_
and Sb,Tez_,Se,. According to figure 1.1, an exchange of Te by Se brings the mate-
rial’s composition closer to the boundary of the covalently bonded compounds and
thus, a weakening of the metavalent bonding in GeTe and Sb,Tes is expected with
increasing Se content. The exchange of Te by Se is accompanied by a reduction of the
unit cell volume which can be also reached by the application of hydrostatic pres-
sure and/or cooling of the compounds. Thus, it is expected that such variations in
pressure and/or temperature lead to a weakening or a collapse of the metavalent
bonding in the selected systems, however, up to now, an experimental confirmation
of this hypothesis is missing.

Here, the influence of high-pressure, low-temperature and compositional changes
on the structural parameter is studied on compounds from the GeSe,Te;_, solid
solution. The results of a detailed structural analysis are provided and it is demon-
strated in which way the structural parameter (e.g. lattice parameter, distances, co-
ordination, ...) are influenced by variations of the Se content, pressure and temper-
ature. A stability field for the existence of the metavalent bonding in this system is
provided.

In previous studies, the lattice dynamics of several binary phase-change materials
e.g. GeTe, GeSe, SbyTe; and Sb,Ses was studied experimentally by inelastic neutron
scattering [12, 13] and nuclear inelastic scattering measurements [14, 15] and theo-
retically by first-principles calculations [16, 17, 18, 19, 20]. It was concluded that the
simultaneous hardening of acoustical and softening of optical phonons during the
transition from the amorphous to the crystalline phase can be considered as a bench-
mark for the metavalent bonding [17, 14, 21]. The resulting strong coupling between
acoustical and optical phonons causes the pronounced contrast of the transport and
optical properties [21, 17].

However, up to now, it is not completely understood how composition-induced
changes and low-temperature influence the lattice dynamics and the bonding in the
crystalline phase of these compounds. Therefore, the lattice dynamics of several
compounds from the Sb,Te;_,Sey solid solution is investigated in this thesis by a
combination of low-temperature heat capacity, inelastic neutron scattering and nu-
clear inelastic scattering measurements. The results of these studies provide further
insights on the metavalent bonding in this system.

The general aim of this study is to understand the nature and the limits of the
metavalent bonding in the systems Ge,Te;_, and Sb,Tes_,Se, in more details. From
our results we aim to get a deeper understanding of this bonding scheme. This might
be of relevance for a more efficient material tuning for future applications in novel

data storage.



Chapter 2

Theory

2.1 Crystal structure determination

2.1.1 Single crystal vs. powder diffraction

Single crystals are characterized by a periodic, 3-dimensional arrangement of unit
cells which form the lattice of the compounds. As a result of the periodicity, Bragg
scattering on the Miller planes of the crystal is only possible for well defined 20 an-
gles. Thus, in the diffraction pattern of a single crystal, the reflections originating
from families of parallel Miller planes occur as spots. By varying the orientation be-
tween the detector and the single crystal numerous of these reflections are measured.
As a result one gains a 3-dimensional representation of reciprocal space. Reflections
from different Miller planes but with equal d-spacing (e.g. for a cubic crystal the
peaks (300) and (221)) are distinguishable in a single crystal diffraction experiment
[22].

Polycrystalline samples -in an ideal case- are composed of statistically distributed
grains in all possible orientations. Thus, for a given 2@ angle, reflections from dif-
ferent Miller planes can fulfill Bragg’s equation simultaneously and reflections from
different Miller planes but with equal d-spacing (e.g. for a cubic crystal the peaks
(300) and (221)) overlap and contribute to the same diffraction ring [23, 24].

2.1.2 The phase problem

The structure factor, Fyy, is a very important quantity in crystallography as its Fourier
transform is connected with the electron density (equations (2.1a) and (2.1b)) [22].

Fu=Y0 frep @ mi- (g tky+lz) @)

1 .
Pryz =7 Y o Faexp (2-7-i- (h-xj+k-yj+1-z)) (2.1b)

Here, f; corresponds to the atomic form factor of the atom j, kI define Miller indices
of the reflections, x;, yj, z; are atomic coordinates of the atom j and V is the volume
of the unit cell [22].

In a diffraction experiment one measures the intensities, I, of the reflections hkl
which are proportional to the square of the absolute value of the structure factor,
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|Enk)?, by Ingg o |Fuw|? [22]. The consequence of this proportionality is that the ob-
tained intensities are connected only with the amplitudes f]-2 of the structure fac-
tor. Thus, information on the phases, exp (2-7-i- (h-xj+k-yj+1-z;)), are not
directly accessible from the measured intensities [22].

This dilemma is denoted as the "phase problem of crystallography" [22]. As the
phases are connected with the atomic positions x;,y;, z; of the atom j it is not possi-
ble to determine crystal structures without knowing the phases [22].

2.1.3 Structure solution: Direct Methods

Many algorithms have been developed in order to solve the "phase problem" and
to deduce the phase information from diffraction data [22, 25]. These algorithms
provide a first model of the electron density distribution with initial values for the
lattice parameter, the atomic position and the thermal displacement parameter and
thus, they yield a first approximate structural model [22, 25].

In this study, the direct methods which were established by J. Karle and H. A. Haupt-
man have been used for structure solution. The algorithm assumes that the electron
density of a crystal is a) never negative and b) localized at the atomic position which
corresponds to a picture of point-like atoms [22, 25]. As one can see from equation
(2.1a), the structure factor depends on the atomic form factors of the involved atoms.
The atomic form factors show a strong © dependence in case of X-ray radiation [22].
Thus, in order to realize point-like atoms so-called E values, Ej; (equation (2.2)),
have to be considered [22, 25].

2 2
Fiia — k. Fria

(Fi) € Lff

Epg =k- (2.2)
E values are angle-independent structure factors that are normalized to an estimated
value, (F%,), which corresponds to the amplitude of the structure factor multiplied
by a weighting factor €. In equation (2.2), k is a scale factor which scales the estimated
values to F3,, and thus, to the total number of electrons [22, 25].

The fundamental relation essential for the application of direct methods is the so-
called Sayre equation (2.3a) [22, 25] from which the relation for the phases follows
(equation (2.3b)).

Fut =k} ey By - Fyow kit 11 (2.3)
Pt = Py Py i 11 (2.3b)

Sayre recognized that for a certain group of strong reflections the F values and their
corresponding phases, ¢, are connected to each other [22, 25]. Sayre’s equation im-
plies that the structure factor / the phase of a reflection hkl can be estimated by the
sum of the products of two (or three) structure factors /phases of other reflections
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whose indices (W'k'l' and h — 'k — k' — I') sum to the values of hkl. These are the
so-called triplet relationships. In case of centrosymmetric crystals, the phases of the
structure factor are either 0 or 7. Hence, in case of a centrosymmetric structure the
phase-problem is reduced to a problem of unknown algebraic signs [22, 25].
Obviously, there are many of such triplet relationships and this results in an equa-
tion system of connected F values and phases which in favorable cases can be solved
numerically by a brute-force algorithm [22, 25]. Also other relationships e.g. quartet
relations play an important role in direct methods. For further details, the reader is
referred to references [22, 25].

2.1.4 Structure refinement
2.1.4.1 Least square method

The least squares method is a mathematical procedure to determine the best fit
model of experimental data under a continuous optimization of the fit parameters
[22]. In crystallography, least squares methods are applied in a structure refinement
in order to minimize the difference, A, between a structural model connected with
Vi cale, Obtained either from a structure solution or from reference data, and the ex-
perimentally determined intensities, y; o5 (equation (2.4)) [22].

A=w;- Zi(5)2 = wj - Ei(yi,obs - yi,calc)z (2.4)

In equation (2.4), the weighting factor w; = o; 2 depends on the standard deviation
0; in each 20 position i of the measured diffraction data [23, 24, 22]. For the appli-
cation of the least squares algorithm it is mandatory that the data-to-parameter ra-
tio is strongly overdetermined which means that the number of data points is much
larger than the number of fit parameter (usually, at least 10:1). As seen from equation
(2.1a), there is an exponential dependence of the structure factor on the parameters
and thus, for a successful application of the least squares algorithm a linearization of
Fyx; is mandatory [22]. This is done by developing the structure factor Fy; in a Taylor
row which is aborted after the 2nd member. Further information on the mathemat-
ical treatment can be found in the relevant textbooks. The least squares method is
based on an iterative algorithm and each cycle yields the starting values for the next
one. The algorithm is finished if A is either zero or converges against a constant
value [22].

2.1.4.2 Le Bail method

Powder patterns measured in a diffraction experiment contain information about
numerous structural (e. g. lattice parameters, atomic position, ...) and instrumental
(e. g. zero point shift, peak profile, ...) parameters. However, as a result of the peak

overlap the accessible information content from the peak intensities is significantly



2.1. Crystal structure determination 11

reduced. In order to deduce at least a part of the information from the powder pat-
tern one has to fit the experimental data using a suitable mathematical algorithm.
These algorithms are the Pawley, Le Bail and Rietveld refinement [23, 24].
In this study, only the Le Bail method was used in order to refine the lattice param-
eters of the investigated samples. Therefore, a brief description of this refinement
strategy is given.
The Le Bail refinement is a least squares algorithm, which aims to minimize the er-
ror sum of squares A between the intensities at 20; position i of a measured (v; obs)
and a calculated (y;cq1c) diffractogram (see also equation (2.4)) [23, 24]. For the ap-
plication of the Le Bail refinement pre-determined lattice parameter, either obtained
from a structure solution or from an indexing of the measured powder pattern, have
to be known [23, 24]. Ideally, the space group is also known, yet part of the infor-
mation of the space group symmetry can be deduced by analyzing the systematical
extinctions. The lattice parameter combined with the space group symmetry yield
the initial peak positions 2@y of all possible Bragg peaks. In equation (2.5), a simpli-
fied expression for the calculation of the intensities ;... of a single crystalline phase
is shown [23, 24].

Yicale = ) 4 Ik - G(20; — 20y) + big (2.5)

Iy is the intensity at the peak position 20, and b;; is a function to describe the

background. The profile function G(2@; — 20y) defines the peak shape. Usually,
a pseudo Voigt function (equation (2.6) is chosen [23, 24].

V4 1
< l k) g <7T ’ Hk,Lorentzian 1+4. Xizk +

Lorentzian part

(1) vV4-In2
a \/E : Hk,Gaussian

Gaussian part

(2.6)

) exp (—4-In2-X3)

The pseudo Voigt function contains a Lorentzian and Gaussian part which are both
normalized to their half maximum widths Hy ; and the ratio of each part is defined
by the mixing parameter y [23, 24]. The parameter Xj; in equation (2.6) is given
by Xjx = % [23, 24]. The full width at half maximum parameter Hj orentzian
depends on the fit parameter LX and LY (equation (2.7))[23, 24].

LY
cos ®

Hk,Lorentzian =LX -tan® + (2.7)

LX is proportional to the reciprocal crystallite size (see also Scherrer equation [23,
24]) and hence, it is correlated with the coherently scattering area. LY is an indi-
cator for a possible microstrain on the sample. The half maximum width of the
Gaussian part is given by the so-called Caglioti function, which contains the angle-
independent fit parameter GW and the angle-dependent parameter GU and GV
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(equation (2.8)) [23, 24].

Hy Gaussian = VGW + GV - tan © + GU - tan2 © (2.8)

The zero point shift is a further important instrumental parameter, which corrects
the shift of the zero point due to a not ideally placed sample in the beam. The zero
point shift is a constant value, which has to be added to all calculated peak positions
[23, 24].

In contrast to a Rietveld refinement, the Le Bail method neglects the crystal structure
and hence, the structure factor [23, 22, 24]. Therefore, at the beginning of a Le Bail
refinement the peaks are fitted with arbitrary starting values for Iy, G(20; — 20y)
and bj;. In the following refinement steps, the refinement parameter of the profile
and background function as well as the lattice parameter are optimized under a
re-distribution of the calculated intensities until the A value from equation (2.4) is
minimized [23, 24].

2.1.5 Agreement factors

In order to evaluate the progress and accuracy of a single crystal structure refine-
ment, several agreement factors have to be considered. The internal agreement fac-
tor, Rint, is the basis for the determination of the Laue-group (equation (2.9)) [22].

) |F§bs — <F§bs>|
Zngs

Rint = (2.9)
In equation (2.9), F  represents the intensities of all independent reflections mea-
sured in the experiment, whereas (F2 ) describes the average of the symmetry-
equivalent reflections merged under the selected crystal symmetry. It is obvious,
that the higher the crystal symmetry, the more reflections are merged. If the differ-
ences between F% _ and (F3 ) are large, this could indicate that the crystal symmetry
is too high and should be reduced [26].

The progress of the crystal structure refinement can be evaluated by considering
different agreement factors, R, and their weighted variants, R,, (equation (2.10)).

1
J— . - 2 8
R = WzbybYll and Ry = (2“’ Z'izb_syzyca“' ) (2.10)
obs

obs

In equation (2.10), Y can either be a function of the intensities I, P,fkl or F; and w is
a weighting factor [27].

In order to evaluate the quality of a Le Bail refinement, the statistical parameter R,
and Ry are usually considered. The value R, and the weighted value Ry, are given
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by equation (2.11) [23, 24].

Rp _ Zi |yi,0bs - ]/i,calc| and pr _ Zi w; - |]/i,obs - yi,calc’2 (2.11)
Zi Yiobs Zi Yiobs

In equation (2.11), ¥;obs/cale are the intensities of measured ("obs") and calculated
("calc") profile points and w; is a weighting factor.

In general, all R values are given in percentages and in an ideal case they become
zero as in that case the error sum of squares becomes zero [23, 24, 22].

Finally, the x? value is a statistical parameter which is used in the evaluation of sin-
gle crystal and powder refinements. This parameter is normalized to the statistical
degrees of freedom, defined by the difference between the number of observed data
points, Nops, and the number of parameters, Nparameter, involved in the refinement

step (equation (2.12)).
2 YW ‘5’2
= 212
X Nops — Npammeter ( )

Here, ¢ is the difference between the measured and calculated intensities either from
a single crystal or powder experiment (see also equation (2.4)). In an ideal case x>
becomes 1 [23, 24, 22].

2.2 Inelastic Neutron Scattering

2.2.1 Elastic and inelastic scattering

If a neutron beam interacts with a sample different scattering processes which are -
in general - the elastic and inelastic scattering, occur in parallel (figure 2.1). In the
following figure the wave vector of the incident beam is denoted as ko, while the one
of the scattered beam corresponds to ks .

FIGURE 2.1: The scattering triangles for elastic (black) and inelastic
scattering with phonon creation (red) and phonon annihilation (blue),
respectively.

In case of an elastic scattering process, the energy, Ey, of the incident beam is equal to
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the one of the scattered beam, E;, and only the direction of ks is changed with respect
to the one of kg [28, 29]. The difference vector, Q, between ks and kg corresponds to a
reciprocal lattice vector, G, so that for an elastic scattering process ks —ko = Q = G
(tigure 2.1).

In the sample, phonons with discrete energy levels, 7 - w (f: reduced Planck con-
stant; w: Phonon frequency), are present. In an inelastic scattering process, the in-
cident beam interacts under an energy (% - w) and momentum (% - q) transfer with
the phonons of the sample [28, 29]. This interaction results either in a creation or an
annihilation of a phonon in the sample [28, 29]. Equations (2.13a) and (2.13b) sum-
marize the underlying law of energy and momentum conversion, respectively [28,
29].

E, — Ey = +hw (2.13a)
hks — hko = hQ = hG + hg (2.13b)

The phonon creation and annihilation, respectively, is taken into account by the +
sign. While (+) corresponds to an annihilation process, (—) describes the phonon
creation [28, 29]. Here, fig corresponds to the so-called crystal momentum, which
describes the momentum transferred to the sample [28, 29]. Figure 2.1 compares the
scattering triangles for the phonon creation and annihilation process with the one of
the elastic scattering. The contribution of the phonon wave vector g is reflected by
the length of the ks vector.

2.2.2 Scattering cross section and scattering function

In a neutron scattering experiment one measures the fraction of the flux ® of the
incident neutron beam scattered by the sample [30]. This fraction is denoted as scat-
tering cross section ¢. In case one measures the total signal scattered by the sample,
one measures the total scattering cross section [30]. If only the part of the neutron
beam scattered in a solid angular element d() is measured, one determines the dif-
ferential cross section g—g [30]. The differential cross section corresponds to an elastic
scattering experiment as the energy of the scattered neutrons remains unchanged
[30]. In case one measures the neutron beam scattered by a sample in dQ) and in an
energy interval dE, one determines the double differential scattering cross section
dd(iigls [30]. The double differential cross section describes an inelastic scattering ex-
periment as it takes into account that the energy of the scattered neutrons is changed
due to the scattering process in the sample [30].

The double differential cross section is connected to the scattering function, S(Q, E)
(equation (2.14)), where ko and k; represent the wave vector of the incident and scat-
tered beam, respectively [31].

d’c ks S
dEdQ ko

(QE) (2.14)
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The scattering function describes all kinds of interactions between the incident neu-
tron beam and the sample. It was demonstrated [32, 33] that in terms of the conven-
tional harmonic phonon expansion the scattering function, S(Q, E), can be expressed
by a sum of an elastic (So(Q, E)), an one-phonon (51(Q, E)) and a multi-phonon
(Sm(Q, E)) contribution (equation (2.15)).

S(Q/ E) = SO(QI E) + Sl(Q/ E) + Sm(Q/E) (215)

Each of these scattering functions has a coherent and an incoherent contribution [30,
32, 33]. In case of coherent scattering, there are fixed phase relations between the
scattered waves and thus, constructive interference occurs. Moreover, a coherent
scattering process depends on the direction of the scattering vector. In contrast to
this, in an incoherent scattering process the phase relations between the scattered
waves are random and thus, a constructive interference is not possible. Moreover,
the incoherent scattering is uniform and isotropic in all directions [30].

Bragg peaks are the result of a coherent elastic scattering process as the periodicity
of the sample’s crystal structure allows a constructive interference between the scat-
tered waves [30, 32, 33]. Incoherent elastic scattering reflects single-particle motion
and thus, contributes only to the background in a diffraction experiment [30].

2.2.3 The one-phonon scattering function and the incoherent approxima-
tion

For an inelastic neutron scattering from a polycrystalline sample the one-phonon

scattering function, S1(Q, E), on the neutron-energy loss side (Phonon creation) is

described by the expression shown in equation (2.16) [33, 34, 32].

b; - b; .

W exp (—(W; +W;) -exp (iQ - (Ri — R;))
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S](Q,E) = N ’ Zz]
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In equation (2.16), N, i and j, and wy,, correspond to the number of oscillators, the
atomic species i and j, and the frequency of the mth normal mode. The parameters
bisi, Wisj, Risj and ¢;/; are the neutron scattering length b, the Debye Waller factor
W, the atomic equilibrium position R, and the displacement vector ¢, of i and j.
ny = [exp (hwy/ksT) — 1] isa population factor and the factor (Q- ;) - (Q-¢;)
describes the correlation between the atomic species i and j [33, 34, 32]. In general,
equation (2.16) contains a coherent (i # j) and an incoherent (i = j) contribution,
where the former one is usually the dominating one as the coherent scattering length
of most isotopes is larger compared to the corresponding incoherent one.

Usually, the coherent inelastic neutron scattering from a polycrystalline sample is
treated under the incoherent approximation [33, 34, 32]. In a polycrystalline sample

the grains are randomly distributed and thus, the scattering function S1(Q, E) can be
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averaged over an extended Q range [33, 34, 32]. The consequence of this is, that the
correlations between the atoms i and j get lost, and hence, the factor (Q - ¢;) - (Q- ;)
can be replaced by its average 1 - Q2 - 826 [33, 34, 32]. As a result of the incoherent
approximation the double differential cross sections of the coherent and incoherent
scattering, (%)mh ~ (%)imoh, are approximately identical [30].
In the scope of the incoherent approximation, the scattering function S1(Q, E) can be
simplified to the expression shown in equation (2.17) [32, 34].

b; Q  gi(w)

Sl(Ql E) = Zi <b12> " exp (_ZWi) ’ 2Mi ’ E

Obviously, the scattering function S1(Q, E) is connected with the sum of the partial

(i + 1) (2.17)

phonon density of states, g;(w), of the atoms 7 in the sample. The partial phonon
density of states are connected with the total one, G(w), by equation (2.18).

477 - b2
Glw) =1, =, gilw) (2.18)

47r-b?
mi

double differential cross section in an inelastic neutron scattering experiment, this

Here, is an element-specific weighting factor [33]. As one measures the total

technique gives access to the total phonon density of states, G(w), of a compound.

2.2.4 The ARCS beamline

All inelastic neutron scattering experiments described in this study have been per-
formed at the beamline ARCS at the Spallation Neutron Source (SNS) facility at the
Oak Ridge National Laboratory (ORNL), Tennessee, USA. The beamline is well de-
scribed in previous publications [35, 36] and thus, only a short description of the
main parts is given here.

ARCS is a wide-angular time-of-flight chopper spectrometer. A scheme of the beam-
line is shown in figure 2.2. At the T chopper, a polychromatic, short neutron pulse
containing the desired energy range is selected by adjusting a suitable rotation speed.
Moreover, undesirable radiations (e. g. y-rays) and too fast or too slow neutrons, re-
spectively, are blocked [35, 36]. The selected neutron pulse is guided to the Fermi
chopper where it is monochromatized. The initial intensity, Iy, of the monochrom-
atized beam is detected by a beam monitor. The monochromatized beam is guided
to the sample stage of the spectrometer which is equipped with a He cryostat. The
flight-time between the Fermi chopper and the sample is well known. The monochro-
matized neutron beam interacts with the sample and several scattering processes oc-
cur. The scattered neutrons are detected and normalized to Iy later by the beamline
software [35, 36]. While elastically scattered neutrons arrive at the detector array
at the time fy, inelastically scattered ones arrive either earlier (phonon annihilation,
Anti-Stokes process) or later (phonon creation, Stokes process) [37].

The detector array of the beamline consists of 920 sensitive >He tubes and covers a
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FIGURE 2.2: A scheme of the ARCS beamline at the ORNL [35].
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vertical /horizontal angular range of -27 to 26° /-28 to 135°. The detector array mea-
sures the time-of-flight spectrum of the sample in I(20,t) or I(20,K) (I, 20, t, K:
intensity, scattering angle, flight-time, detector number) [35, 36].

2.2.5 Data transformation

Usually, the physics of the studied system is expressed in terms of S(Q, E) or S(Q, w)
and thus, a data transformation of the time-of-flight data is mandatory. It was
demonstrated that the time-of-flight raw data are connected with the scattering func-
tion S(Q, w) via equation (2.19) [37].

120, K) x S(O, ) - tl4 (2.19)

Obviously, the factor t~# causes a non-linear dependence between the time-of-flight
data and S(Q,w). Thus, the intensity of early arriving neutrons is increased, how-
ever, at the cost of a reduction of the energy resolution [37].

2.3 Nuclear Resonant Scattering

2.3.1 Mossbauer spectroscopy

The Mossbauer spectroscopy is a technique developed to probe nuclear transitions
between a ground state and an exited state with a high energy resolution. Hence,
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Mossbauer spectroscopy yields information about the local structure and the chem-
ical and magnetic environment of the nuclei [38, 39, 40].
In figure 2.3 the principle of the resonance absorption is shown in a simplified way. A

Source Absorber
E.. I E. L.
JER |, EfEcEr | _ EEgtER 0 B |
Eg’ Ig Eg’ Ig

FIGURE 2.3: The principle of the resonance absorption.

nucleus of the radioactive parent isotope, denoted as source, decays under emission
of a y-quantum with energy Eq from an excited state characterized by the energy E.
and spin [, to its ground state with energy E, and spin I,. The emitted y-quantum is
absorbed by a second nucleus of the same type, denoted as absorber, as the energy
of the photon matches the transition energy of this nucleus.

For a free atom or a molecule in a gas phase or in a liquid, the emission and ab-
sorption of a y-quantum is accompanied by a recoil effect. The corresponding recoil
energy, Eg, of an atom with mass m is given by

2
E'Y

Er=—"—.
R=2Tm 2

(2.20)

Due to the recoil effect, the energy of the emitted photon, Ey, is reduced by Eg, to
E, = Ey — Eg, while an additional contribution of Eg to Ey is necessary for the ab-
sorption of the y-quantum (see figure 2.3). As a consequence of the recoil effect
a resonance absorption is impossible, yet it can be achieved by adding additional
Doppler energy by moving the source periodically.

In a solid, the atoms are tightly bonded in the lattice as the bonding energy is much
larger than Eg. Due to the large mass M of the solid, the transfer of recoil-energy,
Er = %,
emission of y-quanta takes places which is the basis of the so-called Mossbauer ef-

is negligible small [38, 39, 40]. Therefore, a recoil-free absorption or

fect.

In Mgssbauer spectroscopy the Lamb-Mossbauer factor, fiam(T), is correlated with
the probability of a recoil-free resonant y-absorption and yields important informa-
tion about the bonding rigidity (equation (2.21) and (2.22)) [41, 42],

< x* > -E2
fLM(T) = exp <—k2 < xz >) = exp <—WY> (221)
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_ 6-Er (1 T \? [©n/T x
fLM(T)—eXp<_kB'@D'<4+<®D) /O exp(x)—ldx>>' (2.22)

Here, < x? > is the mean square atomic displacement, k = % is the magnitude of

the wave vector k, E, is the energy of the emitted -y quantum, 7 is the reduced Planck
constant, c is the light speed, ER is the recoil energy, kg is the Boltzmann constant,
and Op is the Debye temperature. The Lamb-Mossbauer factor becomes large, if

e the recoil energy Eg is small.

e the Debye temperature and hence, the rigidity of the bonding of the solid is
large.

e the atomic displacement is small. Therefore, low temperature is required in
order to gain a sufficiently large Mossbauer effect.

The residual factor (1 — fum(T)) is determined by recoil-processes due to the cre-
ation and annihilation of phonons by nuclear inelastic scattering. Hence, this fac-
tor gives access to the lattice dynamics of the solid. Therefore, the idea to extend
Mossbauer spectroscopy to measure the nuclear absorption spectrum is straightfor-
ward. However, in order to determine the phonon spectra by conventional Moss-
bauer spectroscopy the following main problems arise [41, 42]:

e Scans of the entire energy range of a phonon spectrum with the technique of
Doppler shift requires Doppler velocities in the frequency range of ultrasound.

e The cross section of the nuclear inelastic scattering is weak over the entire en-
ergy range of the phonon spectrum. Hence, a very intense radiation source is
required.

e A high background contribution caused by transmitted or electronically scat-
tered radiation has to be avoided.

Nuclear Resonant Scattering (NRS) is a method which solves the above-mentioned
problems of the conventional Mossbauer spectroscopy and allows a) the measure-
ment of the nuclear absorption spectrum of a Mossbauer-active isotope by nuclear
inelastic scattering (NIS) and b) the determination of hyperfine parameters by nu-
clear forward scattering (NFS) [41, 42].

2.3.2 The Nuclear Resonant Scattering Station at the beamline P01, PETRA-
III (DESY)

The experimental setup of the Nuclear Resonant Scattering Station at the beamline
P01 at the synchrotron PETRA III (DESY, Hamburg) is shown schematically in fig-
ure 2.4. After passing the undulator, the energy of the incoming synchrotron beam is
tuned to the resonance energy of a Mossbauer-active nucleus (for further details see
appendix B.1) using a double-crystal monochromator (DCM). The energy resolution
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FIGURE 2.4: A scheme of the experimental setup for nuclear inelastic

scattering measurements at the beamline P01 (DESY) adapted from

reference [43]. U: undulator, DCM: double crystal monochromator,
DNIS /DNFS: NIS/NFS APD.

of the DCM is around a few eV. The monochromized beam is focused by an assembly
of Be lenses, so-called compound refractive lenses (CRL), from about 3 mm x3 mm
to about 300 yum x200 ym in the horizontal and vertical direction, respectively. A
high energy resolution of about a few meV or less is gained by using a sapphire
backscattering monochromator characterized by an excellent crystal quality [44, 45].
The monochromator allows to probe Mossbauer isotopes with transition energies
between 20-60 keV [44]. For several Mossbauer isotopes, sapphire reflections (e. g.
for 121Sb: (8 16 40); 12°Te: (9 1 68)), which yield a highly intense backscattered beam,
are known and used [44].

In order to tune the energy transferred to the sample, the monochromator crystal
is placed in a cryostat [44]. By changing the temperature, the d-spacing of the con-
sidered Miller plane and hence, the energy of the beam is changed. For several
Mossbauer isostopes, e .g. 12!Sb and ' Te, the correlation between the temperature,
d-spacing and energy change was studied previously and is well established [44].
Therefore, by choosing a suitable temperature profile, the phonon spectrum of the
sample can be measured. After passing the sapphire backscattering monochromator,
the beam interacts with the sample, which is also placed in a cryostat. In general, for
compounds containing 2!Sb and/or 'Te, the Lamb-M&ssbauer factor is very small
at room temperature and and a pronounced contribution of multi-phonon scattering
to the NIS signal is observed. Therefore, measurements of 1216k and /or %Te con-
taining compounds are performed at low temperatures, typically far below 100 K.
In order to determine the nuclear absorption spectrum of a Mssbauer-active iso-
tope, one has to distinguish between quanta produced by NIS and other sources
resulting from fluorescence or electronic scattering [41, 42]. This is realized by using
the pulsed nature of synchrotron radiation [41, 42]. While the quanta of NIS are de-
layed in time by ns to s due to the finite lifetime of the exited state, the radiation of
the other processes are only present at the moment when the synchrotron pulse hits
the sample. Therefore, the quanta from NIS are counted between the synchrotron
pulses. To realize this, fast responding and high sensitive detectors are mandatory
and avalanche-photodiodes (APD) match these requirements [41, 42]. In order to
measure the phonon spectrum of the sample two APD detectors are used. The NIS
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detector, (Dnys), is placed close to the sample, whereas the NES detector is placed at
a larger distance of few meters to the sample. While the NIS APD detects the total
absorption spectrum of the sample, the NFS detector counts only the elastic scat-
tered part and hence, it only measures the elastic line. From the FWHM of the elastic
line one can deduce information about the instrumental resolution of the sapphire
monochromator [41, 42, 44].

In this study only NIS was used and therefore, the following discussion concentrates
on this technique.

2.3.3 Nuclear Inelastic Scattering
2.3.3.1 Nuclear Inelastic Scattering and Nuclear Inelastic Absorption

Up to now, the method discussed here was described as "nuclear inelastic scatter-
ing", because in the literature this is the most often used term for this technique and
moreover, it emphasizes the similarity to inelastic neutron scattering. However, this
term is not completely precise and might lead to a misunderstanding, especially if
the term is considered as a definition of the involved physical processes [41, 42].

An exited nuclear state decays to its ground state either by an emission of a photon
or by an internal conversion [41, 42]. By decaying via the first channel, the energy of
the emitted photon either matches the transition energy or is shifted relative to E,
by an inelastic scattering processes. The probability of this radioactive decay chan-
nel is given by 1/(1+a), where « is the conversion coefficient. This decay channel
is called nuclear inelastic scattering [41, 42]. By decaying via an internal conversion
the transition energy is transferred to an inner electron, e. g. in the K-shell, which
subsequently leaves the atom [41, 42]. The resulting hole in the inner shell is filled
by an electron from an energetically higher lying shell under an emission of a X-
ray quantum and/or Auger electrons. The probability of the internal conversion is
«/(1+a). In the following, the internal conversion decay channel will be denoted as
nuclear inelastic absorption (NIA).

In this study, the quanta resulting from the internal conversion were detected by the
NIS and NFS APDs, as the detection of the X-ray radiation features some important
practical advantages compared to the analysis of the y-quanta resulting from the
nuclear inelastic scattering process. If the y-quanta are measured, the momentum
transfer has to be considered and therefore, the orientation of the detector relative to
the incoming beam has to be well defined [41, 42]. In contrast to this, the signal of
NIA is independent from the momentum transfer in the sample and thus, the orien-
tation of the detector relative to the incoming beam is not crucial [41, 42]. Moreover,
the conversion coefficient of many Mdossbauer isotopes is #»1 and hence, the proba-
bility of the nuclear inelastic scattering is only around a few percentages. A further
reduction of the probability of this process occurs due to trapping of the y-ray radi-
ation in the sample. Finally, the efficiency of the APD detectors is higher for X-rays.
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All of these considerations make NIA to an ideal tool for the determination of the
nuclear absorption spectra of Mdssbauer-active isotopes [41, 42].

2.3.3.2 The nuclear absorption spectrum

Figure 2.5 shows the nuclear absorption spectrum of a-iron [42] as an example. As
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FIGURE 2.5: The nuclear absorption spectrum of a-iron (adapted
from reference [42]).

mentioned above, the energy of the incoming synchrotron beam is tuned around the
transition energy of the Mossbauer isotope by varying the temperature of the sap-
phire monochromator [44]. If the energy of the beam matches the nuclear transition
energy, the photon is absorbed by the Mossbauer isotope in a zero-phonon process
[41, 42, 46]. This is an elastic process resulting in a high central peak in the absorp-
tion spectrum around E,,, the so-called elastic line. In figure 2.5, the contribution of
the elastic scattering to the total nuclear absorption spectrum of a-iron is depicted
and denoted as "0-phonon-term".

Features at higher or lower energies with respect to the elastic line are originated by
inelastic absorption processes which are accompanied either by the creation (E > E,)
or annihilation (E < E,) of n phonons [41, 42, 46]. In figure 2.5, the contribu-
tions of several inelastic scattering events to the total nuclear absorption spectrum
of a-iron are shown and denoted as "n-phonon-term”, where n=1, 2, 3 describes
the number of phonons which are either created or annihilated in the scattering
process. In the 1-phonon process the absorption of a X-ray quantum results in
the creation/annihilation of a single phonon. Scattering events with n > 1 are
multi-phonon processes in which the absorption of a X-ray quantum causes the
creation/annihilation of more than one phonons. The probability of the phonon-
assisted absorption at a given energy is correlated with the number of available
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phonon states. Hence, the nuclear absorption spectrum gives access to the (partial)
phonon density of states of the Mossbauer isotope [41, 42, 46].

2.3.3.3 Determination of (partial) phonon density of states

Figure 2.6a) shows the total nuclear absorption spectrum of SbySe; gsTe;» as an ex-
ample. The spectrum is correlated with the total scattering function, S(E) (equation
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FIGURE 2.6: Data treatment of the 121Sb NIS data collected on the

SbySe; gTej » sample. a) Total nuclear absorption spectrum, b) reso-

lution function, c) normalized NIS spectrum, d) 1?!Sb partial phonon
density of states.

(2.23)), which can be expressed in terms of the harmonic approximation by [41, 42,
47,48, 46]

S(E) = fim- (8(E) + Y, Su(E)) . (223)

In equation (2.23), the elastic contribution (figure 2.6b)), (E), is described by a Dirac
delta function, whereas the residual inelastic scattering function is mathematically
decomposed in a sum of single scattering functions, S, (E), which describe n-phonon
scattering processes. The single-phonon term, S;(E), is connected with the (partial)
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phonon density of states, ¢(E), (equation (2.24)) by

Eg-g(E)

Si1(E) = E-(1—exp(—E/kg-T))

(2.24)

In order to determine the (partial) phonon density of states, a separation of the
single-phonon contribution (equation (2.24)) from all other ones in equation (2.23)
is necessary which is done by the following steps:

Step 1: Subtraction of the elastic line and normalization

The pure inelastic contribution is obtained by a subtraction of the instrumental res-
olution function measured with the NFS APD from the normalized total nuclear
absorption spectrum [41, 42]. A normalization of the difference spectrum is gained
by using the first Lipkin sum rule (equation (2.25)) according to which the first mo-

mentum of the NIS spectrum, F!, is equal to the recoil energy (equation (2.20))

Fl = /H’o E-S(E)dE = Ex. (2.25)
Thus, in the process of the data treatment, the spectrum is required to fulfill this con-
dition.

From the normalized difference spectrum, in the following denoted as "NIS spec-
trum" (figure 2.6¢)), the Lamb-M&ssbauer factor can then be calculated according to
equation (2.26) [49]

fim=1- /_0 S(E)dE + /OOO S(E)dE. (2.26)

As seen in equation (2.24), the (partial) phonon density of states depends on the
sample temperature T. However, in a nuclear inelastic scattering experiment the
sample temperature is not necessarily equal to the one adjusted at the cryostat. This
is due to the fact that the highly intense synchrotron beam interacts directly with the
sample which causes a heating-up of the sample. In order to estimate the correct
sample temperature, the Bose-Einstein-statistics, ng, can be used [49]. This statistics
describes the probability for the occupancy of phonon states. The probability of nu-
clear absorption by phonon creation is proportional to (ng +1) = 1/(1 —exp(—BE)),
whereas the one of the phonon annihilation is proportional to ng = 1/ (exp(B|E|);
B = kg - T [49]. From the probabilities of both phonon-assisted nuclear absorption
processes one can derive the sample temperature. At this temperature, the intensity
ratio for the phonon creation and annihilation are equal at a given energy |E| [49].

Step 2: Subtraction of multi-phonon contribution

In the last step of the data treatment, the single-phonon term is separated from the
multi-phonon contributions described by the scattering functions S, (E) > 1in equa-
tion (2.23). This is done by using the so-called Fourier-log method [50, 51]. Finally,
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the (partial) phonon density of states (figure 2.6d)) is calculated from S; (E) accord-
ing to equation (2.27)

S1(E)-E-(1—exp(—E/kp-T))

g(E) = P . (2.27)

2.4 The Phonon Density of States: Important relations

The total phonon density of states, G(E), obtained from an inelastic neutron scat-
tering experiment is connected with the total heat capacity of the studied material
(equation (2.28)) by

2

x“-exp (x)
Wdﬁ (2.28)

Here, x = E/kg - T, E is the energy, T is the temperature, R is the universal gas

cV(T):3-n-R-/0°°G(E)-

constant, and n corresponds to the number of oscillators. Element-specific Debye
temperatures, ®p; (equation (2.29)), and element-specific mean-force constants, F;
(equation (2.30)), are accessible from the (partial) phonon density of states, g(E),

3 2
o0~ (G st -

F =M, /O " o(E)E2AE /R, (2.30)

Both quantities yield information about the rigidity of the bonding of each Moss-
bauer isotope [14, 52]. In all equations, 7 is the reduced Planck constant, kg is the
Boltzmann constant, and M; is the mass of the Mossbauer isotope [14, 52].

For isostructural mixed crystals with different compositions the mode positions in
the element-specific PDOS of composition A are shifted relatively to the correspond-
ing ones of composition B [14, 52]. This relative shift is due to changes of the unit cell
volume caused by variations of the lattice parameter and - if relevant - the different
mass fractions of the considered Mossbauer isotope in both mixed crystals. How-
ever, there can be an additional contribution to the observed shift caused by changes
in the bonding scheme [14, 52]. In order to evaluate whether the bonding scheme
is changed or not as a consequence of the compositional variation one can use the

homology relation:

WIN
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In equation (2.31), E4 and Ep is the mode energy of the same mode in the element-
specific PDOS obtained from the mixed crystals A and B and M, /Mg is the mass

2 2
fraction of the considered Mossbauer isotope. V /V}y is the ratio of the unit cell
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volumes from which one gains a volume-averaged scaling factor, E—i(V). In case

of polycrystalline samples, this scaling factor reflects how the observed mode shifts
are influenced by the composition-induced changes of the unit cell volume (and the
mass fraction of the considered Mossbauer isotope). The lattice parameter ratios,

LrP . TN . Ep
—4, give access to direction-dependent scaling factors, H(LP)'

LP2’
ByB using the scaling factors calculated from the homology relation, the energy val-
ues of the element-specific PDOS of mixed crystal B can be scaled to allow a direct

comparison to mixed crystal A [14, 52].

2.5 Equations of State

In thermodynamics, a system is defined by a set of variables which are connected to
each other by so-called equations of state. In an ambient temperature high-pressure
diffraction experiment, these variables are the pressure and the unit cell volume or
lattice parameter of the compound, respectively. In order to describe the pressure-
induced change, p(V), of the unit cell volume, V, with respect to the unit cell volume
at zero pressure, Vj, a third order Birch-Murnaghan isothermal equation of state
(equation (2.32)) was used in this study [53]

p) =180 () - (8) 7] ez (-0 [(5) 1] e

Here, By corresponds to the bulk modulus and BE) is its first derivative [53]. The bulk
modulus can be considered as a material-specific resistance against compression.
For all high-pressure polymorphs, a Murnaghan equation of states (equation (2.33))
was used to describe the pressure-induced changes of the unit cell volume [54]

By Vi \ B
p(V) = pu+ B—f : <‘;) -1 (2.33)
tr

where, pyr, By, B;r and V4, correspond to the transition pressure, the bulk modulus
and its derivative at py, and the transition volume [54].

2.6 Heat capacity measurements

2.6.1 Theory of heat capacity

In general, the heat capacity, C, is defined as the ratio, C = i—%), between a heat
amount, dQ, which has to be applied to a body in order to change its temperature, T,
by dT [55]. In thermodynamics two different heat capacities, ¢, and cy, are known.
The former one is defined for a constant pressure, p, and the later one for constant
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volume, V. For a solid, the difference in c, and cy is given by

T-V-a3

p (2.34)

Cp —Cy =
where ay is the volume thermal expansion coefficient and «r is the isothermal com-
pressibility (equation (2.34)) [55]. Especially at low temperature the difference ¢, —
cy is small and it is often assumed that ¢, ~ cy [55].

The heat capacity c, is connected with the thermodynamic quantities enthalpy, H(T)
(equation (2.35a)), and entropy, S(T) (equation (2.35b)), so that, if ¢, is known, S(T)
and H(T) can be estimated [55].

dH(T) = cpdT (2.35a)
ds(T) = %”dT (2.35b)

The experimentally determined heat capacity of a solid contains numerous contribu-
tions, from which the most prominent ones are caused by the excitations of phonons,
electrons and magnons. Moreover, additional contributions, e. g. from impurities,
do also influence the measured heat capacity data [28, 29]. Many models have been
developed in order to gain an understanding and a mathematical description of the
temperature dependence of the heat capacity of the different contributions [28, 29].
For the compounds investigated in this study, the most important contribution orig-
inates from phonons. Therefore, the following theoretical descriptions will be fo-
cused on this vibrational contribution only.

2.6.2 The lattice contribution to the total heat capacity

Petit and Dulong assumed based on the principles of the classical mechanics that the
atoms of a solid can be considered as harmonic oscillators which vibrate indepen-
dently from each other around their equilibrium positions. They predicted that the
heat capacity of a solid is a temperature-independent constant givenby cy = 3-n-R,
where R is the universal gas constant and 7 corresponds to the number of oscillators
[28, 29]. While the Petit-Dulong law describes the high temperature behavior of the
heat capacity of many solids far above the Debye temperature in a satisfactory way,
a description of the low temperature behavior fails.

In contrast to classical mechanics, quantum mechanics assumes that the energy lev-
els, E, of a harmonic oscillator are quantized with E = (r + %) -h - w, where r is the
quantum number, w is the frequency, and 7 is the reduced Planck constant. In the
Debye model the population of these energy level is described by the Bose-Einstein
statistics [28, 29]. Moreover, the Debye model approximates all phonon branches
by three branches —one longitudinal (v1) and two transversal (vr)— which are con-

1

nected with the average ultrasound velocity, vs (v% =5+ U%)‘ Debye considered a
S T L

continuous phonon density of states (G(w) « w?), which is limited by the cut-off
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frequency wp. At wp the area below the real PDOS is equal to the one below the
Debye PDOS [28, 29].

For the temperature-dependence of the isochoric heat capacity cy(T), Debye found
the general expression shown in equation (2.36), in which ®p = hwp/kg is the De-

bye temperature and kg is the Boltzmann constant [28, 29]

T \3 [Opn/T 4. px

From equation (2.36) the high and low temperature maximum of the vibrational heat
capacity have been derived (equation (2.37)):

T—00:3-n-R

cy(T) = 3
(™) T—>0:125—”4-n‘R-<®—TD>

(2.37)

For high temperatures, T — oo, equation (2.36) converges against the Petit-Dulong
law. For low temperatures, T — 0, the Debye model yields the expression shown in
equation (2.37). By plotting cy vs. T3, these expression allows the straightforward
estimation of the Debye temperature [28, 29].

2.6.3 Validity of the Debye model - the non-Debye model

According to equation (2.37) the Debye model predicts that a plot of ¢y /T? con-
verges for T — 0 K against a constant value of 127t* - - R/5 - ©}. Moreover, for
higher temperatures the Debye model suggests a continuous decrease of cy /T° un-
til its value converges to zero. However, the results of many experimental studies
have shown unambiguously that the Debye model is only valid for very low tem-
peratures of 0< T<@®p/50. In this temperature range, the experimental data show
the proposed T dependence [56, 57, 58, 59]. In the adjacent cyrogenic temperature
range, ©p/50 < T < Op/15, the experimental ¢,/ T3 values show a local maximum
instead of a continuous decrease and hence, there is a temperature dependence that
is not thoroughly described by the Debye model [56, 57, 58, 59].

In order to gain an accurate description of the measured heat capacity over the en-
tire temperature range, Péssler [57] developed the so-called non-Debye model. In
the low temperature regime, 0 < T < @p/15, the heat capacity follows cy =
c3-T®+c¢5-T°+cy- T? + .., where c3,¢5 and ¢y are exclusively positive parame-
ters, and where c3 is correlated with the Debye temperature according to equation

(2.38) [57],
12-71-n-R\3
®Op = <5 o > . (2.38)

Terms of higher order, e. g. T°,T!,.. can be neglected [57]. In order to gain an
accurate mathematical description of the temperature dependence of ¢,/ T°, Péssler
[57] introduced a Taylor series of dimensionless expansion coefficients, bp,, whose
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amplitude depends on the value of the scaling temperature Ty (equation (2.39)),

. T3 LT3 .T7
evp(T) = BT L FO (2.39)

<1 + ZZ:3 by, - ({))211)0.5-

It has to be pointed out that no corrections for anharmonicity are involved in equa-

tion (2.39) and hence, cy,(T) corresponds to the heat capacity of an assembly of har-
monic lattice oscillators [57]. Therefore, Passler [57] introduced additional parame-
ters (A1, Az, Az) for an anharmonicity correction resulting in the expression given in
equation (2.40) [57],

Cvh T 3
cp,fit(T) = cyn(T) - (1 + 3‘,/,1(.1)2 Yt A Tn> : (2.40)
The anhamonicity coefficients include a correction for the thermal expansion and
anharmonic contributions to the total heat capacity. Usually the first-order anhar-
monicity coefficient, Ay, is sufficient for an accurate description of the temperature
dependence of the heat capacity [57].

2.6.4 Thermodynamics of solid solutions

Kopp and Neumann suggested based on Vegard’s rule that the heat capacity, C4p, of
a solid solution A,Bj_ can be calculated from the heat capacity of the endmembers
C; using the relationship:

N
CAB = Zi:l Ci * X (2.41)

where x; denotes the fraction of each endmember i in the solid solution (equation
(2.41)).

However, in many cases the Kopp-Neumann rule does not match the measured heat
capacity and a non-ideal miscibility is observed. As a result, an excess heat capacity
is found which can be calculated by taking the difference between the measured data
and the prediction from the Kopp-Neumann rule. Considering equations (2.35a) and
(2.35b) it follows that in case of non-ideal heat capacity the enthalpy and entropy also
show an excess behavior.

2.6.5 Experimental determination of heat capacity: Thermal relaxation
calorimetry

Thermal relaxation calorimetry is a technique to determine the heat capacity of a
sample by analysing the thermal response of a sample/plattform assembly to a
change of the thermal conditions caused by a heating or a cooling pulse. Figure
(2.7) depicts schematically the heat flow in a typical thermal relaxation calorimeter
e. g. a PPMS DynaCool [60, 61, 62]. In figure (2.7) the sample is attached to the
surface of a platform by a thin layer of grease. The thermal coupling between the
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FIGURE 2.7: Scheme of a PPMS puck for heat capacity measure-
ments.

sample and the platform is defined by the thermal conductance K of the grease. The
platform is linked over conducting wires with known electrical conductance to the
framework of the puck. The thermal coupling between the platform and the frame-
work is given by the thermal conductance K;. The framework of the puck is held at
a constant bath temperature Ty. The platform is equipped with a temperature sensor
and a heater [60, 61, 62].

The thermal behavior of the assembly is described by the coupled differential equa-
tions (2.42a) and (2.42b):

dT
P= Cad—t” + K (Ty—Te) + K (T, = To)  (a) (2.42a)
0= cxdd];" + Ko (Te—T,)  (b) (2.42b)

Here, C, is the total heat capacity of the platform and the grease and Cy is the heat
capacity of the sample, Ty and T}, are the temperature of the sample and the platform,
respectively [60, 61, 62]. The former equation describes the heating process when a
heat pulse, P # 0, is applied by the heater and the later one characterizes the cooling
of the sample when the heater is off, P = 0.

In case of a very strong coupling between the sample and the platform, T, ~ T, and
it can be assumed that K, >> Kj and hence, equations (2.42a) and (2.42b) can be
combined to the expression shown in equation (2.43) [60, 61, 62],

dT,
(Ca + Cx) W =P + Kl (TP - T()) . (2.43)

After the heat pulse is switched off (P = 0), the assembly will cool down to the
bath temperature Ty. The temperature relaxation T, (t) of such an assembly, which
corresponds to the solution of the differential equation (2.43), is given by equation
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(2.44) with the time-constant T = (Cyx + C;) /Ky and AT = T, — Tp [60, 61, 62],
Ty(t) = To+ AT exp (—t/7). (2.44)

Equation (2.44) corresponds to the so-called one-t model. The heat capacity is de-
termined by fitting the detected thermal relaxation of the sample. It has to be noted
that K; is detected during the application of the heat pulse and hence, it is known.
The two unknown heat capacities C, and C,, are connected with T. Hence, the de-
termination of the sample’s heat capacity C, is done in two steps. At first, in the
addenda measurement the total heat capacity C, of the platform/grease assembly is
measured. In the second step the total heat capacity Cioq) = C; + Cy is determined.
The sample’s heat capacity is then calculated from the difference Cy = Cipa1 — G4
[60, 61, 62].

In practice, for many samples the thermal coupling between the sample and the
platform can be considered to be not very strong and thus, K, >> K;j cannot be de-
termined reliably. Therefore, the one-T model is not suitable to determine the heat
capacity of such a sample and the so-called two-T model is used for the determina-
tion of the heat capacity. The two-T model is a much more complex fitting model
which contains two time-constants, 71 and 7. However, the general idea to fit the
thermal relaxation of the sample in order to determine the heat capacity remains the
same. A detailed description of the two-7 can be found in [60, 61] and references
inside. In practice, the PPMS software applies both models to the experimental data
and uses the one that is better suited for the determination of the sample’s heat ca-

pacity.
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Chapter 3

Experimental part

3.1 Synthesis

For this study, several compounds from the Sb,Tes_,Se, solid solutions were syn-
thesized. Samples of several mixed crystals from the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75,
1) solid solution, which were studied in the course of this project, were synthesized
by Michael Kiipers (Institute for Anorganic Chemistry, RWTH Aachen). Details are
given in references [63, 64].

3.1.1 Synthesis of SbyTe;_,Se, mixed crystals
3.1.1.1 Introduction

In previous publications, the synthesis of SboTe;_,Sey single crystals and polycrys-
talline samples was reported. These studies showed that Chemical Vapor Transport
(CVT) [65], the Bridgman-Stockbarger method [66], high-energy ball milling [67] and
solid-state synthesis in quartz glass ampoules [68] are suitable routes for the synthe-
sis.

In this study, both the Bridgman-Stockbarger method and synthesis in quartz glass
ampoules were used to synthesize polycrystalline SbyTe;_Sey (x=0, 0.6, 1.2, 1.8, 3)
mixed crystals.

In table 3.1, the ambient pressure melting and boiling points of antimony [69, 70],
selenium [69, 71] and tellurium [69, 72] are summarized. The melting points of the
endmembers, Sb,Tes and Sb,Se;, are both around 893K [73]. Therefore, the main

TABLE 3.1: Ambient pressure melting and boiling points of antimony
[69, 70], selenium [69, 71] and tellurium [69, 72].

Element Melting point / K Boiling point / K
Antimony, Sb 903 [70] 1908 [69]
Selenium, Se 494.2(1) [71] 958.2 [69]
Tellurium, Te 722.8(1) [72] 1263 [69]

problem of the synthesis of Sb,Tes_,Se, mixed crystals is the low ambient pressure
boiling point of Selenium which causes a strong Se vaporization rate at typical re-
action temperatures of around 923 K. In figure 3.1, the boiling points of Selenium

[74] and Tellurium [75] as a function of the pressure are shown. Both boiling points
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FIGURE 3.1: Boiling points of Se [74] and Te [75] in dependence of
the pressure.

show a strong pressure dependence. In order to reduce the vaporization rate of Se-
lenium, the ampoules were loaded under a Ar pressure of 0.8 bar. Using the ideal
gas equation (p-V=R-n-T) a pressure of around 2.5 atm at 923 K was estimated.

3.1.1.2 Synthesis of polycrystalline samples of Sb,Te; and Sb,Se;

Polycrystalline ingots of the endmembers Sb,Te; and Sb,Ses were synthesized using
the Bridgman-Stockbarger method. For the synthesis, commercially available pow-
ders of SbyTe; (Alfa Aesar, 5N) and Sb,Ses; (Alfa Aesar, 5 N) were used as starting
materials. About 5g of one of the starting materials were filled in a quartz glass
ampoule (external diameter 28 mm, height about 150 mm). The ampoule was evac-
uated, filled with Ar (0.8 bar) and mounted in the Bridgman-Stockbarger apparatus.
A graphite heater was mounted around the ampoule, then the apparatus was closed
and evacuated. At a vacuum of about 10~° mbar, the furnace was heated up to 923K
and kept at this temperature for 4h. Then, the position of the ampoule was low-
ered with a rate of 1.5 mm-h~'and the synthesis was performed for a time of 100 h.
The obtained samples were light gray ingots with metallic luster. About 5 g (yield of
about 100 %) of each sample were synthesized.

3.1.1.3 Synthesis of polycrystalline Sb,Tez_,Se, mixed crystals

Polycrystalline samples of SbyTe;_,Sey mixed crystals (x=0.6, 1.2, 1.8) were synthe-
sized from stoichiometrically weighted amounts of elemental Sb, Te and Se. The
starting materials were filled in quartz glass crucibles (external diameter 20 mm,
length about 40 mm) and the crucibles were placed in ampoules of the same material
(external diameter 24 mm, length about 110 mm). On top of each crucible a quartz

glass plug was placed. The ampoules were evacuated, pressurized to 0.8 bar Ar,
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TABLE 3.2: Yields of the synthesized SbyTe;_,Sey (x=0.6, 1.2, 1.8)
mixed crystals.

Sample Sngeo_(,TeM Sb28e1,2Te1,8 szsel.gTel_z
Yield % 99 97 99

transferred into a high-temperature furnace, and heated up to 923 K with a heating

rate of 5K-min—1.

The temperature was kept for 96h and the samples were sub-
sequently quenched in water in order to prevent a decrease of the pressure during
the cooling of the samples. The synthesized light-gray and metallic-shiny samples
were dried in a furnace at 383K for 24 h. In table 3.2 the yields of all synthesis are

summarized.

3.2 Sample characterization

3.2.1 Powder diffraction

In-house powder diffraction measurements have been performed with a Huber G670
Guinier Camera using monochromatic CuK, ; radiation and an image plate detector
which covers an angular range of 20=0-100° with an angular resolution of A2@=0.005°.
For temperature-dependent powder diffraction measurements, the diffractometer is
equipped with a He closed cycle cryostat which allows to reach temperatures down
to 15K. The temperature setpoint is adjusted by the diffractometer software and the
temperature in the sample chamber is monitored by a temperature sensor.
Low-temperature powder diffraction (LTXRPD) measurements on the GeSe,Te;_y
(x=0,0.2,0.5,0.75, 1) mixed crystals were performed between 25-300 K. The samples
were cooled down to 25K and the temperature was stabilized for about 10 minutes.
Powder diffraction patterns were collected in 5K steps using an exposure time of
120 min. The sample temperature was raised by 5 K-min~! to the next temperature
point. Before the subsequent measurement was started, a dwell time of 5 min was

chosen in order to stabilize the temperature in the sample chamber.

3.3 Low-temperature heat capacity measurements

Heat capacity measurements on the SbyTe;_,Se, mixed crystals (x=0, 0.6, 1.2, 1.8, 3)
were performed between 2-300K using a PPMS DynaCool from Quantum Design.
For the addenda measurement, a small droplet of Apiezon-N-grease was added on
the sample platform of the puck and measurements were performed between 2-
300K with 120 points. For the measurements, thin plates of the samples polished
on both sides were prepared using sand paper. Table 3.3 summarizes the masses
of the samples. Afterwards, the samples were placed in the center of the puck and
slightly fixed in the grease. 56 temperature points were measured from each sample
in the temperature range 2-30 K and additional 90 points between 30-300 K. Both, the
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TABLE 3.3: Masses of the SbyTe;_,Sey (x=0, 0.6, 1.2, 1.8, 3) samples
used for low-temperature heat capacity measurements.

Sample SbyTe; Sb,SegeTers SboSeisTers SboSejgTern  SboSes
Mass / mg | 9.0(1) 9.7(1) 9.1(1) 10.5(1) 11.0(1)

sample and addenda measurements, were performed with two repetitions per tem-
perature step. A linear temperature increase and a heating rate of 2 % based on the
actual temperature were chosen. In order to determine the addenda heat capacity at
the temperatures of the sample, a polynomial interpolation between two neighbor-
ing data points was performed using the automatic procedure implemented in the
PPMS software.

3.4 High-pressure diffraction

3.4.1 Diamond anvil cell

Mechanical pressure, p = F/ A, is defined as the ratio between a force, F, applied
to an area, A. Thus, pressure can be exerted by minimization of the area and/or a
maximization of the applied force.

Figure 3.2 shows a schematic construction of a diamond anvil cell (denoted as "DAC"
in the following) [76]. Diamonds are suitable anvil materials due to their extreme

Pressure transmitting medium Upper Table
diamond
Culet
Compressed
6 metal gasket
\ Sample
chamber
Sample
Lower
diamond

FIGURE 3.2: Right: Scheme of diamond anvil cell [76]. Left: En-

largement of the sample chamber. The sample chamber contains the

sample, a pressure transmitting medium and a pressure standard, e.
g. ruby.

hardness [77, 78, 79, 80, 81]. Moreover, diamonds are transparent for a part of the
electromagnetic spectrum and hence, in-situ studies by diffraction or spectroscopic

techniques are feasible [82, 76]. In order to exert pressures up to the megabar regime
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the diamond anvils are equipped with a culet. The size of the culet determines the
reachable pressure. The pressure is increased or released by applying a moderate
force via moving the anvils either by screws [83, 76] or by a membrane [83, 84]. A
metal foil called gasket is placed between the opposing diamonds [82, 76]. A hole
in the gasket serves as a sample chamber [82, 76]. The resulting sample volumes are
typically in the order of 10*-10° um®. The sample chamber contains the sample, a
pressure transmitting medium and a ruby chip [82, 76]. The pressure transmitting
medium is used to transmit the applied unaxial pressure either quasi-hydrostatically
or non-hydrostatically to the sample. For a quasi-hydrostatic pressure transmission
usually noble gases e. g. Ne, He, .. or liquids, e. g. a methanol/ethanol mixture
are used [82, 76]. For a non-hydrostatic pressure transmission e. g. salts like NaCl
are used [82, 76]. In this case, the pressure is not transmitted homogeneously to the
sample and hence, a strain is applied [82, 76]. The ruby chip deals as a pressure
standard and allows the estimation of the pressure on the sample [82, 76, 85, 86].

3.4.2 Ruby fluorescence method

The estimation of pressure in a DAC is possible either from diffraction [87, 88, 89, 90]
or through spectroscopic methods [85, 86]. In the spectroscopic estimation, pressure-
induced shifts of either Raman active modes (e. g. cubic BN [91], 12C [91]) or fluo-
rescence lines (e. g. ruby [85, 86], SrB4O7:Sm?* [92]) are considered. Based on the
pressure-induced shift of the R1 fluorescence line of ruby a method for the pressure
estimation in DACs was developed [85] and later improved [86]. Equation (3.1) de-
scribes the relation between the pressure and the wavelength of the R1 fluorescence

B
=5 () ) 61

where A is the wavelength determined under ambient conditions and A represents

line of ruby,

the wavelength at an elevated pressure. The empirical parameters A and B are
A=19.04 MPa and B=7.665 [86].

3.4.3 The Extreme Conditions Beamline P02.2 at PETRA III, DESY

All high-pressure diffraction experiments reported in this study have been performed
at the extreme conditions beamline P02.2 at PETRA III, DESY. Figure 3.3 shows a
sketch of the beamline. A detailed description of the technical setup and the in-
frastructure of the beamline is given in [93]. Therefore, in this chapter only a brief
overview of the beamline is given.

After the incident beam passes the undulator and a series of slits, it is monochrom-
atized by a silicon double crystal monochromator. The monochromatized beam is
focused by Al and Be compound refractive lenses (CRL) to a spot size of 8 x3 um?.
High-pressure experiments were performed at the general purpose sample stage
(tigure 3.3).
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FIGURE 3.3: Setup of the Extreme Conditions Beamline P02.2 at
PETRA III (adapted from [93]). Red circle: Sample stage.

An online ruby system allows an in-situ determination of the pressure. Prior to the
measurement the DAC was carefully centered [94] and during exposure the DAC

was rotated along the w-axis by a few degrees to gain better statistics.

3.4.4 High-pressure powder diffraction

All measurements were performed at a wavelength of 0.2905 A (beam energy of
42.7 keV). The powdered samples were loosely compressed between two glass plates
and then loaded together with small ruby chips in BX90 diamond anvil cells equipped
with a membrane to drive the pressure. Rhenium gaskets, pre-indented to a thick-
ness of 80 ym and with a hole of 150 ym drilled by electro-corrosion, were used.
For the high-pressure experiments on the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75, 1) mixed
crystals Neon was used as a pressure-transmitting medium. The measurements on
Sb,Tez were performed at non-hydrostratic conditions. The cells were placed at a
distance of 500 mm (exception GeTe: 450 mm) to the Perkin Elmer detector (Type
XRD1621). The distance was calibrated using a CeO, standard. Pressure in the mea-
surements on the GeSe,Te;_, mixed crystals and Sb,Tez was increased in steps of
approximately 1 GPa. The pressure in the cell was determined before and after
each measurement using the ruby luminescence method. Datasets for GeTe and
GeSep 2 Tep s were collected up to maximum pressures of about 20-21 GPa, while for
GeSep5Tep s and GeSeq 75Teg 25 the maximum pressure was approximately 25 GPa.
The measurement on SbyTez was performed up to a maximum pressure of about
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18 GPa. At all pressure points the diffraction patterns were collected using an expo-
sure time of 12 sec and an angular rotation of 3°. In order to confirm the homogeneity
of pressure-transmission in the cells, 3x3 grids with setoff of 5 ym steps in x and y
direction were measured. The data were integrated to yield 1-dimensional powder
diffraction diagrams using the program Dioptas [95]. Reflections from the diamonds
of the cell were masked prior to integration.

3.5 Inelastic neutron scattering: Experimental details

Powdered samples of SbySeq ¢Tes 4, SboSe; 2 Teg g and Sb,Seq gTeq » were prepared ac-
cording to the procedure described in section 3.1.1.3 For the endmembers Sb,Te;
(STREM USA, 99.96 %) and Sb,Sez (99.999 %, Sigma Aldrich) commercially avail-
able samples were studied. All samples were filled in Al cans which were filled to a
height of about 1.5-2 cm in He atmosphere and sealed with an In ring. The following
amounts of powder were used: SbyTes: 10.1 g, SbySeq Tep 4: 13.865(1) g, SboSeq 2 Tey s:
11.557(1) g, SboSe; gTe1p: 13.329(1) g, SbySes: 17.234(1) g. The opening of each can
was cleaned carefully in order to avoid any leakages and then, closed with a plug of
the same material. In addition, one empty Al can, which served as reference sample,
was prepared. The cans were placed into the cryostat of the ARCS beamline and the
can position was adjusted to the maximal intensity scattered by the sample. A first
measurement was performed at the temperature corresponding to the 12!Sb NIS data
(SbyTes: 35K, SbySeg ¢ Tes 4: 35K, SbySeq »Teq g: 37K, SbySeq gTeq »: 45K, SbySes: 39K,
Al: 35K), further measurements at temperatures of 150K and 300 K. TOF spectra
were taken for about 1h and with an initial energy of 45 meV and 60 meV, respec-
tively. In order to gain a sufficient statistics, two measurements per temperature
point and energy were performed. For the 45 meV measurements the frequency of
the Ty chopper was set to 90 Hz and the one of the Fermi chopper to 300 Hz. For the
60 meV measurements the same frequency for the Ty chopper was adjusted whereas
the one of the Fermi chopper was set to 360 Hz. It is noteworthy that the data quality
of the 60 meV data was inferior compared to the corresponding 45 meV data. Thus,
for the further data treatment only the 45 meV data were considered.

3.6 Nuclear inelastic scattering

3.6.1 Experimental details

Using two 1x1cm? sized strips of Aluminum tape a 0.5x0.5cm? sample cham-
ber was prepared (figure 3.4). The sample chamber was filled with small amounts
of powdered Sb,Te;_,Sey which was evenly distributed in order to form a thin
layer. The sample was covered by a third strip of Al tape and then fixed on a
NIS sample holder which in turn was mounted on the holder of a cold head. The
cold head was placed in a cryostat. The temperatures for the samples estimated
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FIGURE 3.4: Sample container for NIS measurements.

by the Bose-Einstein-statistics were: SbyTes: 35K, SbaSepsTer4: 35K, SbaSe; 2 Tey s:
37K, SbySe; gTeq2: 45K, SbySes: 39 K. For each sample, the 1216h nuclear absorption
spectra as well as the instrumental resolution function of the sapphire backscatter-
ing monochromator were measured several times (5-10 repetition per sample) in
order to gain sufficient statistics. In addition, *Te nuclear absorption spectra of
SbySep 6 Tez 4 (25 K) and Sb,Seq gTeq 2 (21 K) (6 repetitions per sample) were measured.

3.6.2 Energy resolution

In figure 3.5a) and b), the instrumental resolution functions of the sapphire monochro-
mator obtained from the >!Sb and '?°Te nuclear inelastic scattering scattering exper-
iments performed on Sb,Se; gTe; » are shown as a representative example. The 121g},
resolution function was fitted with three pseudo Voigt functions, whereas the 'Te

TABLE 3.4: Results from fits on the instrumental resolution functions

obtained from the ?!Sb and 25Te nuclear inelastic scattering exper-

iments on the SbyTe;_,Sey (x=0, 0.6, 1.2, 1.8, 3) mixed crystals. The

values of the FWHM (FHWM1-3) and relative area (Areal-3) of each
fit function are shown.

Sample SboTes SbySep¢Ters SbrSeirTeis  SboSeigTe;s  SbrSes
1218 instrumental resolution
FHWM1/meV | 1.39 1.39 1.39 1.39 1.39
FHWM2/meV 494 494 494 494 494
FHWM3/meV | 4.38 4.38 4.39 4.38 4.38
Areal/% 56.5 56.0 56.0 56.1 56.1
Area2 /% 33.5 33.6 33.5 33.5 33.5
Area3/% 10.0 10.4 10.5 10.4 10.4
125Te instrumental resolution
FHWM1/meV 1.38 1.15
FHWM2/meV 241 3.94
Areal/% 35.0 35.0
Area2 /% 65.0 65.0
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data were described by two Voigt functions. Analogous fits have been performed
also on the other SbyTez_,Sey (x=0, 0.6, 1.2, 3) mixed crystals (appendix B.2). Table
3.4 summarizes the values obtained for the full width at half maximum (FWHM) and
the relative area of each fit function. The fits on the instrumental resolution functions
from the 2!Sb nuclear inelastic measurements yielded nearly the same results inde-
pendent of the chemical composition. This demonstrates unambiguously that the
instrumental resolution function of the sapphire backscattering monochromator re-
mained unchanged over the entire beamtime. The fit parameters obtained from the
fits on the 12°Te instrumental resolution functions for the individual samples differ

slightly, indicating small variations of the setup during the experiments.
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Data processing

4.1 Determination of lattice parameter from powder data

In order to determine the lattice parameter of the polycrystalline Sb,Tez_,Se, and
GeSe, Te;_, samples, Le Bail refinements on the collected powder patterns have been
performed with the program JANA2006 [96]. The temperature-dependent powder
patterns were refined using the following refinement strategy. First, the background
was described by 100 points and fitted by a 20 parameter Legrende polynomial and
the zero shift was refined. Then, the lattice parameter, taking starting values from
the literature [97, 67, 98, 63, 15, 79], were refined and the peaks were fitted using a
pseudo-Voigt profile function with a Lorentzian (LX) and an angle-dependent Gaus-
sian (GW, GU) contribution. Berar’s correction was applied to obtain realistic stan-
dard deviations [99].

For the refinement of the high-pressure powder data the parameter LX and GW
were sufficient to adjust the profile. The zero shift was kept at zero.

4.2 Processing of high-pressure single crystal diffraction data

In the diffraction data collected at 18.8 GPa on the GeTe sample single crystal reflec-
tions appeared together with the powder pattern of the sample. These single crystal
peaks were hand-picked with the program CrysAlis Pro [100] and indexed and inte-
grated with an orthorhombic lattice (a=7.3690(18) A, b=3.9249(10) A and c=5.698(9) A).
Based on the analysis of systematic extinctions (Pnma: k +1 = 2n for (0kl); h = 2n
for (hk0)) and the internal agreement factor, the space group Pnma was chosen and
the new high-pressure structure of the polymorph GeTe-III was solved via direct
methods with the program SIR2014 [101]. A structure refinement was performed
with the program JANA2006 [96]. As only a limited number of reflections was avail-
able, the Ge and Te atoms were refined only isotropically. A careful inspection of
the GeTe data collected at higher and lower pressures showed that due to the strong
overlay of the powder rings with the single crystal reflections of the GeTe-III phase
it was not possible to reliably integrate the single crystal reflections.
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4.3 Extraction of (partial) phonon density of states from in-

elastic neutron and nuclear inelastic scattering data

4.3.1 Binning of INS and NIS raw data

As inelastic neutron scattering (INS) and nuclear inelastic scattering (INS) raw data
contain contributions of elastic, single-phonon and multi-phonon scattering it is nec-
essary to separate these contributions to obtain the (partial) phonon density of states
from the raw data (see sections 2.2.2 and 2.3.3.3).

Nuclear absorption spectra and INS raw data, respectively, measured on the same
sample and at the same temperature show usually slight origin shifts and thus, the
first step of the data treatment involves the combination of different raw data to one
single data file with one origin. In case of the INS data the binning of the TOF spec-
tra was done using the program DAVE [102]. For the binning of the NIS data the
program "sumscan" available at the beamline P01 was used [103]. This program was
also used to bin the data of the elastic line measured at the NFS detector.

4.3.2 Processing of inelastic neutron scattering (INS) data
4.3.2.1 Extraction of total phonon density of states from INS data

Step 1: Binning and exclusion of artefacts

The transformation from time-of-flight spectra to S(Q, E) data was done using the
software DAVE [102]. For the data analysis of each sample a phonon dispersion
was calculated from the binned 45 meV data using the program DAVE [102]. This
is illustrated in figure 4.1 for the example of SbySepsTez 4. At around 40 meV and
Q ~6 A1 an experimental artefact is clearly visible in the phonon dispersions of
the isostructural samples SbyTes, SboSep s Tes 4 (figure 4.1a) and b)), SboSe; rTeq g and
Sb,Seq gTe;». For Sb,Se; two additional artefacts occur at around 3 and 6A"1 In
order to exclude these artefacts, the considered angular range of the detector was
reduced to 30-95° using the program DAVE [102] (figure 4.1c) and d)).

Step 2: Subtraction of the Al contribution

In the next step, the phonon modes originated from the Al can were excluded. For
this, the binned data were loaded together with the corresponding empty can data.
The Al data, I5;, were subtracted from the total spectra, I, by adjusting the self-
shielding factor SF (Isampte = Itot — SF-1a1). The difference spectra, Isample, corre-
spond to the scattering contribution of the sample. To obtain a reliable value for SF,
powder patterns of the sample were calculated and the factor SF was decreased until
the intensities corresponding to Al became negative.

Step 3: Subtraction of the elastic line
In the next step, the scattering function, S(E), was calculated between -20 meV to

45meV and for Q=2-8 A~! from the corrected phonon dispersion (obtained from
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FIGURE 4.1: (Un)corrected phonon dispersion of SbySeg¢Tez 4. An
experimental artefact (red circle) was observed in the high-energy
range.

the pure sample spectra). In order to subtract the elastic line from the total S(E), a
Bragg peak at around 2.75 A~! was selected for each sample (figure 4.2a)) and the
scattering function of the reflection was calculated between -20 meV to 45 meV and
for Q +0.005 A~ around its center. All scattering functions were calculated with
energy steps of 0.5meV using the program DAVE [102]. The elastic line was scaled
and subtracted from the total S(E) using the program "subs02" [103] available at the
beamline P01 (figure 4.2b)). This step includes also a normalization of the difference
spectrum (see section 2.3.3.3).

Step 4: Determination of the total density of states

The total phonon density of states was calculated using a modified version of the
program DOS [104]. As this program was originally developed for the data treat-
ment of NIS data, a value for the recoil energy had to be adjusted and was set to a

value of 2keV. This value is based on previous experience from similar experiments
[105].
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4.3.2.2 Normalization of total phonon density of states

For the further data treatment, the extracted total phonon density of states were
normalized. In order to exclude all high-energy contributions to the total phonon
density of states, cut-off energies as summarized in table 4.1 were estimated. The

TABLE 4.1: Cut-off energies (in meV) estimated from the total
phonon density of states of the SbyTe;_,Sex (x=0, 0.6, 1.2, 1.8, 3)
mixed crystals measured at around 40K, 150 K and 300 K.

Sample ca. 40K 150K 300K

Sb,Tes 22.5 23.0 23.0
SbZSeo,6Te2.4 23.5 22.0 21.5
szsel,zTel,g 24.0 23.0 23.0
SbZSel.gTel.z 25.5 25.5 24.5

Sb28e3 32.5 32.5 32.5

total phonon density of states were normalized to the corresponding area between 0
and the cut-off energies and then multiplied with an averaged scattering coefficient,
< b?/M >, which was calculated according to equation (4.1),

H2 b2,
< ﬁc >=) x- (4.1)

M;
Here, b2,/ M; are the isotope / element-specific weighting coefficients (**!Sb: 1.62(4) cm*-kg ™!,
125Te: 1.21(4) cm?-kg 1, Se: 4.84(6) cm?-kg 1), which were calculated from the isotope/element-
specific coherent neutron scattering length b, ; (121Sb: 0.571(6)-10~ 12 cm, %Te: 0.502(8)-10~12 cm,
Se: 0.797(9)-10~ 12 cm [106]), and the masses of the isotopes/element M; (121Sb: 200.925-10~% kg,
1Te: 207.567-10~% kg, Se: 131.134-10~% kg). The element-specific weighting coef-
ficients were multiplied with the mole fraction, x;, of the corresponding element in

the considered mixed crystal.

4.3.2.3 Calculation of heat capacity from INS data

By using the expression shown in equation (2.28) and the normalized total phonon
density of states (see section 4.3.2.2), the isochoric low-temperature heat capacity,
cvns(T), of the samples SbyTes (150 K data), SbaSep ¢ Tes 4 (35K), SbaSeq 2 Tes g (35 K),
Sb,Seq gTeq 2 (35 K) and Sb,Ses (150 K) were calculated in the temperature range from
1-300 K. For the mixed crystals, the lowest temperature data allowed the best deter-
mination of the heat capacity, whereas for both endmembers the 150 K data provided
the most reliable results. The integration in equation (2.28) was performed up to the
cut-off energy listed in table 4.1.
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4.3.3 Processing of nuclear inelastic scattering (NIS) data
4.3.3.1 Extraction of the partial phonon density of states from NIS data

After binning of the raw data, the corresponding elastic line measured with the NFS
detector was subtracted from the total nuclear absorption spectrum using the pro-
gram "subs02" [103] available at the beamline PO1. For this, the elastic line was scaled
to the nuclear absorption spectrum of the sample. After the elastic line was sub-
tracted, the 12!Sb and '>Te partial phonon density of states were extracted using a
modified version of the program DOS [104]. The recoil energy was set to the transi-
tion energy of the corresponding Mossbauer isotope (see appendix B.1).

4.3.3.2 Normalization of partial phonon density of states

For the further data treatment, the partial phonon density of states were normalized
to the area. The '?!Sb data were normalized between 0 and a value between the
last positive and the first negative data point which allows an easier comparison
between the '?!Sb partial phonon density of states of different mixed crystals. For
the normalization of the 1% Te phonon data of SbySe ¢ Tep 4 and SboSe; gTeq » a cut-off
energy of 21 meV and 22.5meV, respectively, was estimated.

4.3.3.3 Application of the homology relation

In order to evaluate whether the observed mode shifts in the 12!Sb and '*°Te partial
phonon density of states of the SbyTez_,Sey (x=0, 0.6, 1.2, 1.8) mixed crystals are ex-
clusively caused by the composition-induced changes of the lattice parameter/the
unit cell volume and the Se/Te mass ratio or whether there is an additional contri-
bution to the mode shift caused by a change of the bonding, the homology relation
(see section 2.4; equation (2.31)) was applied.

As all mixed crystals are composed of the same mole fraction of antimony, the mass
ratio Mgp o/ Msp g = 1 (equation (2.31)). Thus, according to equation (2.31) for the
121Gh data, the homology relation only depends on the lattice parameter ratios/the
ratio of the unit cell volumes. In contrast to this, the Tellurium content in all sam-
ples is varying and thus, the mass fraction My ao/Mrtep # 1. In order to calculate
the mass fraction, the Tellurium content of each sample was expressed by the sum,
x - M(1?Te) + (3 — x)-M(Se), where M(1®Te) represents the mass of the 1>Te iso-
tope, M(Se) is the mass of natural Selenium (M=78.97 g-mol 1), and x describes the
mole fraction of Tellurium according to the chemical formula of the considered sam-
ple.

In table 4.2, the lattice parameter, 2 and ¢, and the unit cell volumes of the SbyTe;_,Sey
(x=0, 0.6, 1.2, 1.8) mixed crystals taken from [107] (see also appendix D.4) are given
for the temperature extracted via the Bose-Einstein-relation (section 3.6.1) from the
NIS measurements (see section 5.2.5.2). All scaling factors were calculated with re-
spect to the 12!Sb and '>°Te [14] partial density of states of Sb,Te; (table 4.2). From the
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TABLE 4.2: Scaling factors for the 12!Sb and ?°Te partial phonon

density of states of the SbyTez_,Sey (x=0, 0.6, 1.2, 1.8) samples. The

lattice parameter and unit cell volumes [107] are given for the fol-

lowing temperatures: SbyTes: 30K, SbySepgTer4: 35K, SbySeq s Ter st
35K, szSel_gTel_Q: 45K.

Sample szTe3 SbZSeo.éTeM szsel,zTel,g szSeLgTeLz
a/A 42354(8)  4.2048(8) 4.1558(9) 4.1123(6)
c/A 30.169(9)  30.007(10)  29.699(8) 29.445(8)

v /A3 464.64(20)  459.47(20)  444.20(20)  431.23(49)

121Sb
Esp,1e,/ EA(a) 1 0.9928(3) 0.9812(3) 0.9709(3)
Esb,Te;/ Ea(c) 1 0.9946(5) 0.9844(4) 0.9760(4)
Esp,te,/ EA(V) 1 0.9934(2) 0.9823(2) 0.9727(4)
125Te
My /Mg, 1e, 1 0.9264 0.7792
Esb,1e,/ EA(a) 1 0.9555(3) 0.8571(3)
Esp,Te;/ Ea(C) 1 0.9573(5) 0.8615(4)
Esp,Te;/ EA(V) 1 0.9562(2) 0.8586(4)

lattice parameter a and ¢ the direction-dependent scaling factors Egp,1e,/Ea(a) and
Egp,Te,/ Ea(c) were deduced, whereas a comparison of the unit cell volumes yield
the average scaling factors Egp,1e, / EA(V).

4.3.4 Calculation of Debye temperatures from INS and NIS data

By fitting the heat capacity derived from the INS data with the Debye model (equa-
tion (2.36)), the Debye temperatures were determined (see appendix D.1). All iso-
tope/elememt-specific Debye temperatures given in this study were determined
from the corresponding partial phonon density of states by using equation (2.29).
While the '?!Sb and ®Te Debye temperatures were extracted from the NIS data,
the Se Debye temperatures were determined from the calculated partial phonon
density of states (4.3.5). Integrations according to equation (2.29) were performed
between the following energy ranges: Sb,Seg ¢Te; 4: 125Te: 0-21 meV; Se: 0-16.5meV;
SbySe; gTey 2: 12 Te: 0-22.5 meV; Se: 0-25 meV; Sb,Ses: 121Sb: 0-32.5 meV; Se: 0-32.5meV.
An extraction of isotope-specific Debye temperatures from the 2!Sb partial phonon
density of states of the mixed crystals x=0, 0.6, 1.2, 1.8 using equation (2.29) was im-
possible due to the additional high energy peaks (probably caused by experimental
artefacts) and the not clearly defined cut-off energies.

4.3.5 Extraction of Se partial phonon density of states

For the samples SbySeg ¢Tep4 and SbySe gTeq s, the 2!Sb and %Te partial phonon
density of states, g(w)ing, and g(w)s,, as well as the total ones, G(w), were mea-
sured with INS and NIS and normalized according to sections 4.3.2.2 and 4.3.3.2,
respectively . By subtracting the partial phonon density of states from the total one
according to equation (4.2), the Se partial phonon density of states, ¢(w)se, can be
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determined [14],
¥se Uise X215y B rong, X125, B 1251,
T g(w)se = G(w) — S () ng, — IR ()i, (42)

In equation (4.2), b?/l- / M; is the element-specific weighting factor which was already
introduced in section 4.3.3.3, and x; is the fraction of the isotope/element in the
corresponding mixed crystal. As for SbySeg ¢Tes 4 two additional modes were found
in the high-energy range (>25meV) in the INS data whose origin is not completely
clear, the subtraction was only performed between 0-25 meV.

In an analogous way (x151.=0) the Se partial phonon density of states of Sb,Se3z was
determined by a subtraction of the normalized 2!Sb partial from the normalized
total PDOS via equation (4.2).
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Chapter 5

Results

5.1 High-pressure and low-temperature behavior of GeSe,Te;_,

compounds
5.1.1 Introduction

5.1.1.1 The GeSe,Te;_, solid solution: state of the art

Figure 5.1 depicts the high-temperature and ambient pressure phase diagram of the
GeSe,Tej_ solid solution determined from a powder diffraction study performed
by Wiedemeier and Siemers [108]. At room temperature, three phases - a rhombohe-
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FIGURE 5.1: Phase diagram of the GeSe, Te;_ solid solution adapted
from Wiedemeier and Siemers [108]. Red dots indicate the composi-
tions studied in this thesis.
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dral (0<x(Se)< 0.52) one, a hexagonal (0.58<x(Se)< 0.86) one and an orthorhom-
bic (0.91<x(Se)< 1) one - have been observed. For Selenium contents of about
0.52<x(Se)< 0.58 and 0.86<x(Se)< 0.91 a rhombohedral/hexagonal and hexago-
nal/orthorhombic two-phase region, respectively, was found. At high temperatures,
all phases transform into a face-centered cubic structure [108]. While the rhombo-
hedral compounds transform directly into the FCC phase, for the hexagonal and or-
thorhombic mixed crystals intermediate high-temperature two-phase regions have
been observed.

The crystal structures of the endmembers GeTe and GeSe are reported in the liter-
ature [109, 110]. The GeTe-I phase of GeTe crystallizes in a trigonal structure with
space group R3m and lattice parameter of a = 4.172(1) A and ¢ = 10.710(2) A [109].
After the corresponding transformation to the pseudo-cubic setting (appendix A)
lattice parameter of @ = 5.996(1) A and a=88.18° are obtained. The angle a shows
only a small deviation from the cubic metric. Therefore, it is straightforward to con-
sider the structure as a distorted variant of a FCC structure [113]. Figure 5.2 shows a
projection of the GeTe-I structure on the ac plane. The structure is formed by layers
of six-membered Ge-Te rings (figure 5.3) which are arranged in the chair conforma-
tion and stacked along the [001] direction. Both, Ge (WP 34; 0, 0, z; site symmetry 3m
[109]) and Te atoms (WP 34; 0, 0, z; site symmetry 3m [109]), occupy Peierl’s distorted
octahedra and show a [3+3] coordination formed by three shorter and three longer
Ge-Te bonds [109] (figure 5.3). In a previous study [108], it was suggested that mixed
crystals with Selenium contents between 0<x(Se)< 0.52 are isostructural to GeTe-I.
It is important to mention that this is only valid for a complete Se/Te disorder. A
preferred Se incorporation into one specific layer of the GeTe-I structure would lead
to a reduction of the symmetry and in specific cases also to a multiplication of the ¢
lattice parameter and thus, to the occurrence of superstructure reflections which are
not in agreement with the GeTe-I structure.

The GeSe-I phase crystallizes in a GeS type structure with space group Pbnm and
lattice parameter of a = 4.388(4) A, b = 10.825(9) A and ¢ = 3.833(4) A[114]. The
crystal structure is formed by layers of six-membered and strongly puckered Ge-
Se rings (figure 5.3), which are stacked along the [010] direction (figure 5.2). The
Ge-Se rings are arranged in the chair conformation. The coordination around Ge
(WP 4c; 0.1115(3), 0.1211(1), 411 ; site symmetry m) is characterized by three covalent
Ge-Se bonds (1x 2.563(3) A; 2x 2.574(3) A), three Ge--Se interactions (1 x 3.367(3) A;
2% 3.316(3) A) and two Ge--Ge contacts (3.392(3) A). The Se atoms (WP 4c; 0.5020(2),
0.8534(1), % ; site symmetry m) are surrounded by three covalent Ge-Se bonds (1 x
2.563(3) A; 2x 2.574(3) A), three Ge--Se interactions (1x 3.367(3) A; 2x 3.316(3) A)
and four long-ranged Se--Se contacts (4 x 3.674(3) A) [114]. Mixed crystals with sele-
nium contents between about 0.91<x(Se)< 1 are isostructural to GeSe-1 [108, 114].
Mixed crystals with selenium contents between 0.58<x(Se)< 0.86 crystallize in a
hexagonal structure that was recently determined for GeSe75Teg 25 [63]. They re-
ported space group Pésmc with lattice parameter of 2 = 3.822(2) A and ¢ = 15.680(6) A.
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FIGURE 5.2: Projections of the crystal structures of GeTe-I [109], GeSeq 75Tep 25 [63] and GeSe-1 [110].
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Hypothetic GeTe-III and GeTe-IV structures

GeTe-1II (Pbcn)

 GeTe-IV (BCC)
.0 0 ©
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o o o
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3-8 GPa (hydrost.)
3.5-5 GPa (non-hydrost.)

GeSe-1 (Pbmm) GeSe-II (Ccnmmn)
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.

FIGURE 5.4: High-pressure behavior of GeTe and GeSe. GeTe-I: [109], GeTe-1I: [108], postulated GeTe-III (Pbcn): [79], postulated
GeTe-1II (Pnma): [111], postulated GeTe-IV: [112].



5.1. High-pressure and low-temperature behavior of GeSeyTe;_y compounds 55

The structure is formed by layers of six-membered Ge-Se/Te rings (figure 5.3), which
are arranged in the chair conformation and stacked along the [001] direction (figure
5.2). The GeSeq 75Teq 25 structure can be derived from the GeTe-I structure if each sec-
ond layer is rotated by 180° around the [010] direction [63]. Hence, in GeSey 75Teg 25
additional Ge- - -Ge and long-ranged Se/Te--Se/Te van der Waals interactions are
present, which cause a pronounced enlargement of the c lattice parameter compared
to the GeTe-I structure. In GeSeyy5Teg o5, the atoms Gel (WP1 2b; %, %, 0.4637(2);
site symmetry 3m) and Ge2 (WP2 24; 0, 0, 0.5873(2); site symmetry 3m) are coordi-
nated by three covalent Ge-Se/Te bonds as well as three Ge--Ge interactions [63].
Sel/Tel (WP3 2b; 3, £, 0.6768(2); site symmetry 3m) and Se2/Te2 atoms (WP4 24; 3,
%, 0.3743(2); site symmetry 3m) are surrounded by three covalent Ge-Se/Te bonds
and three long-ranged and Se/Te--Se/Te interactions (figure 5.3).

The low-temperature behavior of the endmembers was investigated in previous
studies whereas no information is available for the GeSe,Te;_, mixed crystals. The
lattice dynamics of GeTe was studied by nuclear inelastic scattering measurements
and the '?°Te partial phonon density of states of the rhombohedral GeTe-I phase was
determined at 30K [15]. Furthermore, Lewis [115] has measured heat capacity data
of the GeTe-I phase between 1.2-22K and Hein et al. [116] reported a superconduct-
ing phase below about 0.05K on the basis of temperature-dependent susceptibility
measurements. Low-temperature Raman measurements on GeSe single crystals and
thin films were performed [117, 118] and the occurrence of two new Raman modes
after cooling GeSe below 150 K was reported [117]. This might indicate a phase tran-
sition, but no detailed structural information on the low-temperature phase is avail-
able. In contrast to this, Taube et al. [118] found that the Pbnm structure of GeSe-I is
stable down to at least 70 K.

The high-pressure behavior of the GeSe,Te;_, solid solution is less understood and
only for the endmembers information is available. At room temperature and pres-
sures between 0-20 GPa, three polymorphs of GeTe are postulated (figure 5.4). The
transition of the GeTe-I phase to the face-centered cubic structure of GeTe-II was
intensively studied [119, 120, 79, 112, 121], however, up to now, the order of this
transition is unclear. In previous studies, the FCC phase is assumed to crystallize
in a NaCl type structure, however, no full structure determination was performed.
The transition pressure depends strongly on the degree of hydrostacity. While for
non-hydrostatic conditions transition pressures ranging from 3.5-5 GPa have been
reported [112, 120], in a hydrostatic pressure-transmitting medium the transition
was observed between 3 GPa [79] to 8 GPa [120]. Under non-hydrostatic conditions,
the transition is accompanied by a pronounced volume change of 3-3.5 % [120, 112],
whereas in case of hydrostatic conditions no volume anomalies have been observed
[120, 79]. At about 18-19 GPa, GeTe-II is supposed to transform into an orthorhom-
bic GeTe-III phase, however, based on powder diffraction data contradicting data on
the crystal symmetry and the lattice parameter have been published previously for
this polymorph [79, 112, 119, 111]. Karbanov et al. [111] have reported a structure
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isotypical to the GeS structure type (space group symmetry Pbnm; lattice parameter
of a=3.98(5) A, b=10.60(1) A, ¢=3.929(5) A), which is also isostructural to GeSe-I. On-
odera et al. [79] found a structure with space group symmetry Pbcn (a=7.441(6) A,
b=7.678(22) A, c=3.929(5) A). In none of these two publications a full structural re-
finement is provided. Moreover, the structure reported by Onodera et al. [79] has
unreasonable short Ge-Te bonds with bond lengths of only about 1.6 A.

Onodera et al. [79] have reported values for the bulk modulus By and it’s first deriva-
tive B, of 49.9(32) GPa and 3.7(8) GPa, respectively, for the GeTe-I and GeTe-II poly-
morph, whereas they suggested By=95.1(51) GPa and B,=5.3(3) GPa for the GeTe-III
phase.

Serebryanaya et al. [112] proposed a further phase transition at 38 GPa and suggested
a CsCl type structure for the GeTe-IV polymorph, however, this phase transition was
not observed in [79] (figure 5.4).

The high-pressure behavior of GeSe is not completely understood. Onodera et al. [79]
studied the high-pressure behavior of a polycrystalline GeSe sample up to 82 GPa
by X-ray powder diffraction and resistivity measurements and did not observe any
phase transitions. Other authors also did not observe any phase transitions in this
pressure range [122]. In contrast to this, a pronounced jump in the high-pressure
resistivity curve of single crystalline GeSe was reported [123] already around 6 GPa
and ascribed to the formation of a metallic face-centered cubic phase. The high-
pressure behavior of GeSe thin films was recently reported [124] and a phase transi-
tion from the GeSe-I phase into a structure with Ccmm symmetry (a=3.52 A, b=3.61 A,
¢=9.68 A) was observed, yet no intermediate FCC phase (figure 5.4). Similarly, a
Pbnm to Cmcm transition has been reported for numerous isostructural compounds,
e. g. SnS [125], SnSe [126], GeS [127]. Recently, the crystal structure of a new high-
pressure and high-temperature polymorph of GeSe, the so-called p-GeSe, was re-
ported [128]. B-GeSe crystallizes in space group Pnma (a=8.0892(6) A, b=3.8261(3) A,
¢=5.8089(5) A) and the crystal structure is formed by layers of six-membered Ge-Se
rings which are stacked along the [100] direction. The Ge-Se rings are arranged in
the so-called boat conformation. The high-pressure behavior of GeSe was studied
by first-principles calculations and in a laser-heated DAC [129] and the following
pressure transition pathway from GeSe-I to f-GeSe was suggested:

GeSe-1 (Pnma)—; GeSe-II (R3m) — GeSe-1II (Fm3m)— B-GeSe (Pnma)

5.1.1.2 Aims of this study

In order to understand the influence of compositional changes and high pressure
on the bonds and coordination in compounds from the stability field of the GeTe-I
structure type (figure 5.1), the endmember GeTe and two mixed crystals, GeSep>Tep g

and GeSe5Teps, have been selected. This provides important information on the
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influence of the Se content on the stability fields of the three high-pressure poly-
morphs. Furthermore, the study of the high-pressure behavior of GeSeq 75Te 25 elu-
cidates the influence of high-pressure on the Ge--Ge interactions in the structure of
the hexagonal phase. Low-temperature powder diffraction studies were performed
on GeTe, GeSe,Teps, GeSepsTegs, GeSeg75Seg25 and GeSe in order to extend the
temperature-composition phase diagram of the GeSe,Te;_, system. From this, the
influence of different Se contents on the low-temperature behavior can be character-

ized.

5.1.2 Sample characterization

Appendix C.1 depicts the powder patterns of the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75, 1)
mixed crystals measured at ambient conditions. For all compounds, the detected
TABLE 5.1: The c¢/a ratios of the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75)

mixed crystals as determined in this study. Data from literature [108,
63] are included for comparison.

Sample GeTe GeSegrTeps GeSepsTegs | GeSeg7sTeos
this study 2.561(1) 2.578(2) 2.589(2) 4.105(6)
References 2.556(4) [108] 2.581(4) [108] 2.593(4) [108] | 4.103(3) [63]

c/a

peaks were indexed with the lattice parameter reported previously [15, 63, 114] and
there is no evidence for any impurities. In appendix C.1.1, the composition-induced
changes of the peak positions are elucidated by gray dashed lines.

In figure 5.5, the lattice parameter of the GeSe,Te;_, (x=0, 0.2, 0.5) samples with
GeTe-I structure type are shown in dependence of the Se content. They are compared
to data from the literature [108] which are transformed to the R3m cell in hexagonal
setting (for the transformation matrices see appendix A). The unit cell volumes de-
termined in this study approximately follow Vegard’s law, whereas the individual
lattice parameter show a non-ideal mixing behavior as function of the composition
(figure 5.5). Wiedemeier and Siemers [108] also reported a non-ideal mixing behav-
ior which is clearly visible in both lattice parameters and the unit cell volumes.

In table 5.1, the c/a ratios of the compounds investigated in this study are compared
to the literature values [108, 63]. For all compounds, the c¢/a ratios are in a very good
agreement with the reference data.

For the orthorhombic GeSe sample, the lattice parameter have been determined as
1=4.3895(3) A, b=10.8247(7) A and ¢=3.8346(3) A. Again, the calculated values are in
excellent agreement with the literature data [114] (table 5.2).

TABLE 5.2: Thea/c,b/cand a/bratio of the GeSe sample. The values
determined in this study are compared to literature data [114].

ajc b/c a/b Reference
1.1447(1) 2.8229(2) 0.4055(1) This study
1.145(2)  2.824(4) 0.4054(4) [114]
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5.1.3 Low-temperature behavior
5.1.3.1 GeTe, GeSeo,zTeo,g, GeSeo,5Te0,5 and GeSe0,75Teo_25

In the low-temperature powder patterns of all samples no additional peaks nor sig-
nificant intensity changes have been observed and thus, there is no indication for
any phase transitions.

For the isostructural compounds GeTe, GeSeg,Tep s and GeSeq 5Teq 5, the relative lat-
tice parameter a;/ag shows a positive thermal expansion of up to about 0.4 % and a
very similar temperature dependence between 25-300K (figure 5.6). Thus, the ther-
mal behavior of the [100] direction is hardly influenced by the Selenium content of
the samples. In contrast to this, the relative lattice parameter c¢;/co shows a nega-
tive thermal expansion which increases with an increasing Selenium content from
about -0.1 % (GeTe) up to about -0.25 % (GeSeg 5Teg 5). A negative thermal expansion
along one of the crystallographic axis over such a wide temperature range is a sur-
prising finding as most of the binary chalcogenides (e. g. PbX (X=S, Se, Te) , ZnSe
[130], MoTe; (M=Bi [131], Sb [131], Cr [132]) show an exclusively positive thermal
expansion along their crystallographic axis. Only the orthorhombic SnSe exhibits a
negative thermal expansion along its ¢ axis [133] which is comparable to the one ob-
served for the compounds in the stability field of the GeTe structure type. In order
to evaluate the distortion of the crystal structures in the rhombohedral stability field
with respect to a face-centered cubic (FCC) unit cell, the c¢/a ratio can be compared
to the ideal value of 2.4495 (figure 5.7) which results from the transformation of the
FCC cell to the R-centered unit cell in hexagonal setting (see transformation matrices
in appendix A). The larger the deviation from the ideal ratio, the more disorted is
the structure with respect to the cubic unit cell. The c/a ratios of the rhombohedral
compounds decrease with elevated temperatures. This result is in agreement with
the high-temperature phase transition from the GeTe-I phase into a FCC structure
reported previously [108]. Moreover, the c/a ratio of the rhombohedral compounds
increase with an increasing Se content of the sample and thus, the larger the Se con-
tent, the larger the distortion.

In contrast to the compounds from the stability field of the GeTe-I structure type
(figure 5.6a)), both lattice parameter of GeSe( 75Tep 25 show an exclusively positive
thermal expansion (figure 5.6a)). The a lattice parameter of GeSe( 75Teg 25 shows a
temperature-induced change of up to about 0.2 % which is much smaller than what
is observed for the compounds with GeTe-I type structure. For the c lattice param-
eter a positive thermal expansion of up to about 0.4 % is observed. Moreover, for
GeSep 75 Tep 25 an increase of the ¢/a ratio with increasing temperatures was found
(tigure 5.7).

For all studied compounds, the unit cell volumes show a positive thermal expan-
sion. Obviously, the unit cell volumes of GeSey75Teg25 and GeTe show compara-
ble temperature-induced changes of up to about 0.8 %. The unit cell volumes of
GeSep2Teps and GeSepsTegs are less influenced by the temperature and exhibit a



Chapter 5. Results

60

e 1.0027 BI04 001., ) o i
2 L Voo T
5 . bhny g
m T rey v .»Ewm. e
L] m 5
< - o L
8 1.000 ;
0] ik,
.9 A
£
= R
5 0.998 - ol -
z :
B o
.nl.a i
mnc S

0.996 -{apadspidd¥iass™ i

B GeSe, Te, . ¢//c,
1 I 1 1 I 1
50 100 150 200 250 300

=~}
'

Temperature / K

Relative lattice parameter

=2
S

1.000

0.999 4

0.997 +

0.995

aja,

0.998 | mmmmmm

a@m E@% e,

Ge,Se;Te

100 150 200
Temperature / K

FIGURE 5.6: Relative lattice parameter of the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75) samples.

1 1
250 300



5.1. High-pressure and low-temperature behavior of GeSe,Te|_y compounds

61

IA GeTe
A GeSej,Teys __,,”__IT””
4.104 4 A GeSe,Te,s 17 M 1L
A GesSe, 75Teniz>5_ _I_:,> —[”Iﬁfi—r_“ L= i
v it
4.098 % AT §
Q
‘= 4.092 .
[as] L -
— = =
S
~=
Q
2.599 ~
2.576
2.553 A —
T T T T T T T T T T T T
50 100 150 200 250 300
Temperature / K

FIGURE 5.7: Temperature dependence of the c/a ratio of the
GeSe,Tej_, (x=0, 0.2, 0.5, 0.75) samples.

| 1 1 1 1 1 1 1 1 L |
= GeTe
1.0001 o GeSe,Te) ¢

= GeSesTegs

09984 ® GeSe;5Te,s g & -
L LR |
[T L rgpel

)
£
=
S
>
5} et
.Q 0.996 P il -y i
~— e
= a0
o) L i o]
SR = s _
= ] T -Il-ﬁ i
o LNy
0992  [eiem -
0-990 ' I i I i I i I i I ' I
0 50 100 150 200 250 300
Temperature / K

FIGURE 5.8: Temperature-dependence of the unit cell volumes of the
GeSeyTej_, (x=0, 0.2, 0.5, 0.75) samples.



62 Chapter 5. Results

thermal expansion of up to about 0.6 %.

The difference in the low-temperature behavior of the compounds in the stability
field of the GeTe-I structure type compared to the one of the hexagonal phase might
be due to the additional Ge--Ge interactions and the long-ranged Se/Te--Se/Te van
der Waals gaps which are exclusively present in the hexagonal phase [63]. How-
ever, to elucidate this in more details, single crystal diffraction experiments at low
temperatures would have to be carried out which are out of the scope of this work.

5.1.3.2 GeSe

All lattice parameter of GeSe show an exclusively positive thermal expansion (fig-
ure 5.9). The influence of the temperature on the a lattice parameter is small and
temperature-induced changes of only up to about 0.1 % are observed. In contrast
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FIGURE 5.9: Temperature-dependence of the lattice parameter of
GeSe-1.

to this, the b and c lattice parameter show a stronger thermal expansion of up to
about 0.4 % and 0.35 %, respectively. The b and c lattice parameter show nearly iden-
tical temperature-induced changes down to about 150 K, whereas below this tem-
perature the [010] direction is more strongly influenced by the temperature than the
[001] direction. This corresponds to the temperature at which new Raman modes
were observed previously [117]. However, in the powder pattern of the GeSe sam-
ple investigated in this study there is no evidence for new peaks and/or changed
intensity ratios and thus, there is no evidence for a structural phase transition. The
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results obtained here are in good agreement with [118], where it was reported that
the GeSe-I phase is stable at least down to about 70 K.

5.1.4 High-pressure behavior

In figure 5.10, the pressure dependence of the formula volumes of the rhomhohedral
compounds GeTe, GeSeg,Tegs and GeSeg5Tegs and the hexagonal GeSe 75Teq 25 is
depicted. For GeTe, GeSeg,Teps and GeSeg5Tegs, two phase transitions have been
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FIGURE 5.10: Pressure dependence of the formula volumes of the
GeSeyTej_, (x=0, 0.2, 0.5, 0.75) mixed crystals.

observed in the respective pressure range, whereas the hexagonal phase is stable up
to at least 23 GPa.

In Appendix C.2, powder patterns are shown at representative pressure points and
at decompression to ambient pressure ("quenched"). For all compounds, the pow-
der pattern of the quenched sample correspond to the ones of the ambient pressure
phase indicating unambiguously that all phase transitions are reversible. The pow-
der patterns of GeTe contain additional peaks and an indexing of these peaks as-
suming the phases Ge, GeO,, Te, TeO, (oxidation of GeTe), Diamond, Rhenium and
Ruby failed. A careful inspection of our diffraction data showed that these peaks
originate from a single crystalline impurity. In some measurements the reflections
of the impurity are not visible (e. g. 9.0 GPa) which is attributed to the fact that the
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contamination was not illuminated by the beam. The powder patterns measured
at 1.1 GPa and on the quenched sample contain the same reflections which clearly
shows that the impurity did not react with our GeTe sample. After the beamtime,
we have measured the powder pattern of the part of our GeTe sample which was not
used for the high-pressure study and we did not observe evidence for any impurities
(see appendix C.2). Therefore, we presume that we have inadvertently transferred
the single crystalline impurity together with our GeTe sample in the sample cham-
ber of the DAC. The powder patterns of the samples GeSey,>Teps, GeSegsTegs and
GeSe 75 Tep 25 show exclusively reflections which can be indexed with the known
cells (appendix C.2).

At the first phase transition, the GeTe-I polymorph transforms into the face-centered
cubic GeTe-II phase. For GeTe, GeSeg,Tegs and GeSegsTes, transition pressures
of 4.2GPa, 5.8 GPa and 7.7 GPa, respectively, were determined experimentally. Ob-
viously, the transition pressure of the GeTe-I to GeTe-II transition increases with in-
creasing Selenium content of the samples.

In order to understand the GeTe-I to GeTe-II transition in more detail, the lattice pa-
rameter of both phases have been transformed to the primitive rhombohedral unit
cell (figure 5.11; for the transformation matrices see appendix A). This is straightfor-
ward as the GeTe-I structure can be considered as a distorted FCC structure com-
posed of Peierl’s-distorted octahedra [113]. For the primitive unit cell of the FCC
phase, all angles are exactly 60°.

Obviously, for each compound the phase transition is accompanied by a pronounced
discontinuous change in the lattice parameter indicating the first-order nature of this
transition. In previous studies, it was concluded that for the GeTe-I to GeTe-II tran-
sition a non-hydrostatic pressure transmission leads to such anomalies in the lattice
parameter [120, 112]. However, a high degree of non-hydrostacity can be excluded
in our high-pressure experiments as the detected signal in fluorescence did not show
an unusual broadening. Moreover, the lattice parameter obtained from the powder
patterns measured at the same pressure point but at different locations in the sample
chamber (3x3 grid) did not indicate strong deviations. Thus, there is no evidence
for non-hydrostatic conditions and the results of this thesis disagree with previous
studies [120, 112]. This emphasize that the observed discontinuities are not neces-
sarily a result of a non-hydrostatic pressure transmission.

At higher pressures, a further phase transition of the GeTe-II polymorph into the
orthorhombic GeTe-III phase (figure 5.10) was observed. For GeTe, GeSe(,Teg g and
GeSeg 5Teg 5, transition pressure of 13.9 GPa, 13.2 GPa and 8,1 GPa, respectively, have
been determined. For all compounds, the GeTe-1I and GeTe-III phases coexist over a
wide pressure range indicating the possible first-order nature of the phase transition.
For GeSep 2 Tep s and GeSeg 5Teg 5, a one-phase region of the pure GeTe-III polymorph
was determined at pressure above about 25 GPa and 15 GPa, respectively. It seems
that the stability field of the GeTe-III phase becomes smaller with increasing Se con-
tent. For GeTe, the one-phase region was not reached even at the highest pressure
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TABLE 5.3: Bulk moduli, formula volumes, and transition pressures of the GeSe,Tej_, (x=0, 0.2, 0.5, 0.75) samples. By and V,/Z refer
to ambient pressure, B and Vi, /Z refer to the transition pressures.

Phase GeTe-1 GeTe-II GeTe-III Hexagonal
Compound By /GPa Vy/Z /A% py/GPa By/GPa Viu/Z/A® py/GPa By/GPa Vi/Z/A® By/GPa Vu/Z /A3
GeTe 35(3) 53.55(5) 42 68(5) 4851(4) 13.9 205(17)  42.14(8)
GeSeoTeg s 45(6) 51.8(1) 5.8 74(2) 46.4(1) 13.2 104(3) 41.4(1)
GeSeg5Teps 43(4) 50.01(1) 7.7 85(4) 43.47(5) 8.1 73(3) 42(6)
GeSe 75Teg 25 20(4) 49.6(5)
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(21 GPa).

In order to determine the Bulk moduli, By, and the ambient pressure formula vol-
umes, Vp/Z, of the GeTe-I type phases and the hexagonal GeSe 75Tey 25, the formula
volumes have been fitted by third-order Birch-Murnaghan equations of states (equa-
tion (2.32); figure 5.10). For the fits of GeTe, GeSeg»Teg s and GeSeps5Tep 5, a constant
value of B£)=4_ was used, whereas for GeSe 75Tep 25 the parameter B(') was included
as a fit parameter and yielded a value of B6=13(4). This is, as the selected equations
of states yielded the best fits of the experimental data. The data for the GeTe-II and
GeTe-III type polymorphs where fitted using a Murnaghan equation of states (equa-
tion (2.33)), as this yielded a better fit compared to the the results obtained from the
Birch-Murnaghan equation of states. The bulk moduli, By, and formula volumes,
Vie/ Z, at the corresponding transition pressure, pi, were determined and are sum-
marized in table 5.3.

The literature value of By=49.9(51) GPa for the GeTe-I phase of GeTe [79] is in poor
agreement with the one determined here (35(3) GPa). For the GeTe-I type poly-
morphs, the bulk modulus, By, of GeSep,Teps is significantly larger than the one
of GeTe, whereas it is very similar to the one of GeSepsTeps. In other words, the
initial incorporation of Se has a large effect on the bulk modulus, whereas a further
increase of the Se content has comparatively little effect.

Although, the bulk moduli of the GeTe-II and GeTe-III polymorphs correspond to
slightly different transition pressures, it is possible to compare them for the three
compounds GeTe, GeSeg,Tegg and GeSepsTegs. The bulk modulus of the GeTe-
II phase increases with increasing Se content indicating that the material becomes
more incompressible. The value of By=49.9(51) GPa reported in the literature [79] for
the GeTe-II type phase of GeTe is in poor agreement with the value found in this
study (68(5) GPa).

The bulk modulus of the GeTe-III phase decreases significantly with increasing Se-
lenium content and the compounds become more compressible. In general, the bulk
modulus of the GeTe-III polymorph shows larger composition-induced changes than
the one of the GeTe-II polymorph and the compressibility of this phase is more sen-
sitive to the Selenium content.

The bulk modulus of the hexagonal GeSe( 75Teg 25 compound is much smaller than
the ones of the GeTe-I phases indicating a larger compressibility. This is probably
due to the Ge--Ge interactions and the large Se/Te--Se/Te van der Waals gaps which
are not present in the GeTe-I type structure. The experimentally determined for-
mula volume of GeSeq75Teg 25 is in good agreement with the value reported in the
literature (Vy/Z=49.58(3) A3; [63]).

5.1.5 Comparison of the effect of high-pressure and low-temperature

A comparison of the changes in the c/a ratio of the rhombohedral compounds as
induced by temperature and pressure is provided in figure 5.12 and given as a func-
tion of the fomula volume in the plot. Obviously, both heating and compressing of
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the samples causes a decrease of the the c/a ratio and thus, the distortion of the unit
cell with respect to the cubic FCC cell (c/a=2.4495) is lowered till it finally disappears
when the transition to the cubic phase takes place.
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FIGURE 5.12: Comparison between the temperature- and pressure-
induced changes of the c/a ratios of the GeTe-I and GeTe-II phases of
the compounds GeTe, GeSep 2 Tep g and GeSeq 5Teq 5.

5.1.6 The GeTe-III polymorph

At 18.8 GPa, GeTe-IlI crystallizes in the orthorhombic space group Pnma with lattice
parameter a=7.3690(18) A, b=3.9249(10) A and ¢=5.698(9) A , and an unit cell volume
of V=164.8(3) A3 (Z=4). Details on the structure refinement and the atomic positions
and displacement parameters are summarized in tables 5.4 and 5.5.

Figure 5.13 depicts projections of the GeTe-III structure. The structure is composed
of six-membered Ge-Te rings (figure 5.14) which are arranged in the boat confor-
mation and stacked along the [100] direction. Neighboring layers are connected by
Ge:-Te and Ge--Ge interactions. The coordination of Ge and Te is indicated in figures
5.14 and 5.15 (distances are given in appendix C.4).

Ge is covalently bonded to three Te atoms at distances of 2.684(9) A (1x)and 2.756(7) A
(2x). Two additional Ge--Te (2.888(7) A) and two Ge--Ge (2.971(7) A) interactions
are present at larger distances. The covalent Ge-Te bonds and the two Ge--Te inter-
actions form a pyramidal coordination on one side of Ge, wheres the Ge:-Ge con-
tacts are arranged on the opposite side (figure 5.15). In addition, two even longer
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Ge--Te interactions at 3.208(10) A and 3.396(10) A are present. The results of a de-
tailed bonding analysis on the GeTe-III type structure of GeTe [64] have indicated
that the shorter distance at 3.208(10) A has a significant contribution to the bonding
and thus, it is considered to belong to the Ge coordination. In contrast to this, the
bonding contribution of the 3.396(10) A distance is negligibly small and hence, there

TABLE 5.4: Details of the structure refinement on the new GeTe-III

structure at 18.8 GPa.
Crystal data
Chemical formula GeTe
M,/ g-mol*1 200.2
Crystal system orthorhombic
Space group Pnma (No. 62)
Temperature / K 293
a,bc/A 7.3690(18), 3.9249(10), 5.698(9)
vV /A3 164.8(3)
Z 4
Pealc / g-crn_3 8.0683
Radiation type Synchrotron
Wavelength / A 0.2905
Diffractometer P02.2 at PETRA III, DESY (Hamburg)
#/ mm-! 10.39
F(000) 336
No of measured, 135, 86, 84
independent and
observed (I>3c0(1))
reflections
h, k, | min/max -1<h<3,
-6<k<6,
-9<I<8,
Rint 0.040
(sin D)max / A7 0.825
R[F?>20(F?)], wR(F?), S 0.047, 0.054, 2.39
No. of reflections 86
No. of parameter 13
Apmax, Mpmin / (€ A73) 2.11,-1.60

TABLE 5.5: Ge and Te atomic position and isostropic thermal dis-
placement parameter in the crystal structure of GeTe-III at 18.8 GPa.

Atom  Wyckoff position X y z Uiso / A2
Ge 4c 0.0703(13) % 0.8267(4) 0.025(8)
Te 4c 0.1716(5) % 0.37428(19)  0.019(3)
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FIGURE 5.13: Projections of the ab, ac and bc plane of the GeTe-III structure.
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FIGURE 5.14: Six-membered Ge-Te/Se rings in the GeTe-III and B-

GeSe structure. The coordination around Ge and Te/Se is included.

Light-red /blue atom: 3.396(10) A distance (contact e/f in appendix
C.4).
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GeTe-III B-GeSe

0Ge °Te °Se

FIGURE 5.15: Top: Comparison between the crystal structures of

GeTe-III and pB-GeSe [128]. Middle: Ge coordination polyhedra;

Bottom: Te/Se coordination polyhedra in both structures. Light-
red /blue atom: 3.396(10) A distance (contact e/f in appendix C.4).
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is no contribution to the Ge coordination [64]. It is noteworthy that GeTe-III is sup-
posed to undergo a further phase transition into the CsCl structure type at around
38 GPa [112] which is accompanied by a further increase of the coordination number.
With elevated pressure all distances will become shorter and thus, the 3.396(10) A
contact probably becomes important at this phase transition.

The Te atoms in GeTe-III also show a [3+3+2] coordination (figures 5.14 and 5.15)
which is formed by three covalent Te-Ge bonds, three Te:-Ge and two long-ranged
Te--Te interactions (bond lengths are summarized in appendix C.4). The above-
mentioned 3.396(10) A Te--Ge interaction (which has no bonding contribution [64])
is shorter than the Te--Te contacts (3.507(4) A). However, it is noteworthy that the
Te--Te contacts in GeTe-1II are significantly shorter than the ones in GeSeq75Teg 25
(3.802(3) A) [63] and therefore, we assume that the Te--Te contacts in GeTe-III belong
to the Te coordination.

The GeTe-III structure is isostructural to the one of -GeSe [128] in which the Ge and
Se atoms show a very similar [3+3+2] coordination (figure 5.14 and 5.15). A compari-
son between the Ge-X and Se/Te-X (X=Ge, Se, Te) bond lengths is given in appendix
C.4. In both compounds Ge:-Ge interactions and long-ranged groupVI--groupVI in-
teractions are present.

The powder patterns of the GeTe-III polymorphs can be all indexed (appendix C.3)
with the newly determined GeTe-III structure, while the proposed models from the
literature [111, 79] do not agree with the observed patterns and even the proposed

lattice parameter do not index our powder pattern. This is demonstrated in ap-

TABLE 5.6: Comparison between the peak positions reported previ-
ously [79] and the ones calculated based on the new structural model
for the GeTe-III polymorph.

Peak position 20@/°
[79]  Thisstudy (hkl)
13909 13787  (111)
15.219 14.961 (210)
15.280 15.369 (102)
(
(

18.691 16.822 211)
20.923 18.590 112)

pendix C.3 on the powder pattern of the pure GeTe-III polymorph of GeSegsTeg s
measured at 18.8 GPa. As the experimental evidence for both structural models [111,
79] is very weak and in addition at least in one of them unrealistically short inter-
atomic distances are present, we assume that both of them have been determined er-
roneously. From the powder pattern provided in [79] the approximate peak position
were extracted between 20=10-22° (table 5.6) and compared to the ones calculated
from our newly determined GeTe-III structure. Although the powder pattern from
the literature shows fairly broad peaks and the pattern was measured at a different
pressure (23 GPa), an indexing with the new structural model is possible (table 5.6).
Le Bail refinements on the powder patterns of the GeTe-III phase of the compounds



74

Chapter 5. Results

1
1.0004 & 3
| =
V]
kT (]
% 0.995 i L
[+
e .
54 ) ."!’i’J b,
£ 0.990 1 * -
[ L] o f
—_ &C;/Cy []
b
= N
% 0,985 4 '-ui.-’aﬂ B
o
GeTe '
G.‘JED T T T T T T T
a) 14 15 16 17 18 19 20 21
Pressure / GPa
L L L L 1 1 1
o0 :
= Lo
k¥
o [ A 9
§ 0.99 < ™ L
o, " - 4 .
© A
g . .
E 0.98- b Wbiby :
M u .
— L}
= "
¥
o 0.97 G S T T'.-if'(:u r
€3C, 1€y 8 .
T T T T T T
b) 14 16 18 20 22 24 26
Pressure / GPa
L L L L 1 L L
1004 = -
. t .
5 0.99 S S L
=] A
= [ ]
= L] A L ]
& 0.98 A L
B A
2 b/,
1: ||
& 0971 . acle, ® T
= 0.96 4 . L
é ndt;/a,
0.95 GeseolsTeols . F
T T T T T T T
8 10 12 14 16 18 20

e
g

Pressure / GPa

FIGURE 5.16: Pressure dependence of the relative lattice parameter
of the GeTe-III phase of a) GeTe, b) GeSep2Teq g, ) GeSeps5Tep 5.
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GeTe, GeSep,Teps and GeSep,Teps have been performed using the new GeTe-III
structure type as a starting model and yielded the relative lattice parameter a;/ao,
bi/bp and c;/ co as shown in figure 5.16. For all compounds, the compressibility along
the [100] direction is the largest, whereas the pressure-induced changes along [010]
and [001] are comparable. Along [100] the layers of the six-membered Ge-Te rings
are stacked and thus, the large compressibility in this direction is mainly due to com-
pression between neighboring layers. The compressibility along the [100] direction
increases with increasing Selenium contents of the samples. This might be explained
by the fact that the replacement of the larger Tellurium by the smaller Selenium re-
duces the repulsion between neighboring layers and thus, they can be compressed
closer together. Along the [010] and [001] direction, respectively, the pressure is ap-
plied parallel to the layers and thus, the covalent Ge-Te bonds are compressed. Our
results suggest that along the [010] and [001] direction the network of covalent bonds
is affected by the pressure in a similar way:.

5.1.7 High-pressure phase diagram

The derived pressure-composition phase diagram is shown in figure 5.17. While the
hexagonal phase of GeSe 75Tey 25 is stable up to at least 23 GPa, all compounds from
the stability field of the GeTe-I structure type follow the pressure-transition pathway:

GeTe-I (R3m)—>GeTe-II (FCC)—GeTe-III (Pnma)

25 1 L | L | 1 1 1 1 1 |

[\
o
1
/
/
/
/
/
/
/
/ 3:
T T T

s FCC + Pnma S
915— . ~uF
o) -7 T~s
H -~ ~
£ 104 FCC T~ _ B
& | N 0000 - TA
e
54 - =-~— """ °°° -
R3m /}
0 1 I I I ' I ' I
0.0 0.1 0.2 03 04 0.5

x(Se)

FIGURE 5.17: The pressure-composition phase diagram of the
GeSe, Te; _, solid solution. Insets: Ge coordination.
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For the R3m—FCC transition, the transition pressure increases with increasing Se
content of the samples and the transition is accompanied by a pronounced change
of the lattice parameter indicating a first order character. The transition pressure to
the one-phase region of the Pnma phase is lowered with increasing Se content and

also this transition seems to be of first order.
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5.2 Lattice dynamics of the Sb,Te;_,Se, solid solution

5.2.1 Introduction
5.2.1.1 The Sb,Te;_,Se, solid solution: state of the art

Sb,Ses crystallizes in the orthorhombic space group Pnma with lattice parameter of
1=11.7938(9) A, b=3.9858(6) A and c=11.6478(7) A (unit cell volume V=547.54(10) A?)
at room temperature (figure 5.18) [134]. In the crystal structure of Sb,Ses, all atoms

Sb,Te;, R3m Sb,Se;, Pnma

FIGURE 5.18: Projections of the crystal structure of SbyTes (left) and
SbySes (right). Intra- and inter-chain interactions in the SbySes struc-
ture are marked by dashed lines.

occupy Wyckoff position 4c (x, §, z; site symmetry m). Two symmetrically inde-

pendent Sb and three symmetrically independent Se positions exist. The crystal
structure is formed by infinite -Se-Sb-Se- chains which are arranged along the [010]
direction. Deringer et al. [19] have studied the bonding properties of SbySes by first-
principles calculations and found that the chains are covalently bonded. In addition,
they found several kinds of weaker intra- and inter-chain interactions.

a-Sb,Te; crystallizes in the rhombohedral space group R3m (tetradymite structure
type) with lattice parameter of 1=4.2674(4) A and ¢=30.450(3) A and a unit cell vol-
ume of V=480.23(9) A3 at 298 K (figure 5.18) [97, 135]. The crystal structure is formed
by repeated --A2-Sb-A1-Sb-A2-- quintuple layers, where A1 (WP 34; 0, 0, 0; site sym-
metry 3m) and A2 (WP 6¢; 0, 0, 0.7878(1); site symmetry 3m) represent two sym-
metrically independent Wyckoff positions between which the Sb atoms (WP 6c; 0,
0, 0.3986(1); site symmetry 3m) are located [97]. In a-Sb,Tes, the Al and A2 site are
completely filled by Tellurium. Between neighboring layers A2--A2 interactions are
present [97]. In the a-Sb,Tes structure, Sb is coordinated by three Al and three A2
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Q1 @ sh

FIGURE 5.19: Projections of the crystal structure of a-SbyTes (left) [97]

and B-SboTes (right) [77]. The quintuple SbyTe; layers are marked by

gray dashed boxes in both structures. In the structure of B-SbyTes

there are additional Sb-Te bonds, where the ones between neighbor-

ing layers are marked by green lines. The Sb coordination in both
structures is shown at the bottom.

atoms resulting in a distorted octahedral coordination. While the Tellurium atoms
in the A1l site show an ideal octahedral coordination formed by six Sb-Al bonds,
the A2 atoms are surrounded by three Sb-A2 bonds and three A2--A2 interactions
resulting in a distorted octahedral coordination.

A metavalent bonding scheme was suggested for a-Sb,Tes [11, 17], whereas Sb,Ses
is predominately covalently bonded [19]. Lee et al. [17] postulated that the metava-
lent bonding in the tetradymite structure type has to be limited to the layers as it
cannot be mediated by the A2--A2 interactions.

Ma et al. [77] have studied the high-pressure behavior of a polycrystalline Sb,Te;
sample up to about 52.7 GPa and reported the following structural transition path-
way:

0-Sb, Te (R3m) 22582 8-Sy Tes(C2/m) 22522 1-Sby Tes (C2/ ¢) 2222, 5-Sby Tes (Im3m)

For B-Sb,Tes, they reported lattice parameter of 1=14.449(1) A, b=4.063(2) A, c=17.519(7) A
and $=149.64(5)° at 11.4 GPa with an unusual large monoclinic angle. These lattice
parameter can be transformed to a more standard monoclinic setting (a=14.449(1) A,
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b=4.063(2) A, c=8.8798(7) A, B$=94.31(5)°; see appendix A for the transformation ma-
trix). Figure 5.19 compares projections of the crystal structures of a- and the trans-
formed structure of B-SboTes. Also the crystal structure of monoclinic B-Sb,Tes is
formed by repeated --Te2-Sb-Tel-Sb-Te2:- quintuple layers, however, in contrast to
a-SbyTes, the layers are significantly distorted which causes additional covalent Sb-
Te bonds (one per Sb atom) and an increase of the Sb coordination number from 6 to
7. Moreover, in B-SbyTes there are additional Sb-Te bonds (one per Sb atom) which
connect neighboring layers to each other and cause a further increase of the Sb coor-
dination number from 7 to 8.

The temperature-composition phase diagram of the SboTe;_,Sey solid solution at
ambient pressure was studied previously between about 573K and 1173K (figure
5.20) [73] and it was found that mixed crystals with Selenium contents between

1000
Orthorhombic
800

N, A
~ e
° Rhombohedral Jd =
E 600 4 (Tetradymite structure type) ;_
= -
) Two ph S
g 400 - Presumably: ;Zoiﬁlease E_
— Metavalent bonding : & : 5%

200 A I :

I I

0 - T i ' I - v
0.0 0.6 1.2 1.8 24 3.0

Sb,Te, x(Se) Sb,Se,

FIGURE 5.20:  Temperature-composition phase diagram of the

SbyTez_Sey solid solution. High-temperature data (black lines) have

been adapted from [73]. Low-temperature data (dashed lines) were

taken from [107] (see details in appendix D.4). Compositions studied
in this thesis are marked by orange dots.

0<x(Se)<1.8 are isostructural to SboTe;z. For compounds with Selenium contents
between about 1.8<x(Se)<2.95 a two-phase regime was observed. Selenium-rich
mixed crystals with 2.95<x(Se)<3 crystallize in the Sb,Se3 structure type. The low-
temperature behavior of several Sb,Tes_,Se, mixed crystals (x=0, 0.6, 1.2, 1.8, 3)
was studied previously ([63], [107] and appendix D.4) between 25-300 K by powder
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diffraction and no evidences for structural phase transitions were observed indicat-
ing that all phases are stable in this temperature range. Previously, it was demon-
strated that SbyTesz_,Se, mixed crystals from the stability field of the tetradymite
structure type are hopeful candidates for applications in non-volatile data storage e.
g. [68, 136] and thus, these compounds are presumably metavalently bonded, how-
ever, a confirmation of this hypothesis is missing.

The lattice parameter of several SboTe;_,Se, mixed crystals were determined from
powder diffraction measurements [137, 66] and a significant deviation from Veg-
ard’s rule was observed [137]. Molodkin ef al. [137] concluded that this deviation is
caused by a preferred incorporation of Selenium into the A1l site of the tetradymite
structure type as suggested also by Anderson and Krause [135]. The electrical [138]
and thermal [137] conductivity of several Sby,Te;_,Sey mixed crystal were measured
and a significant increase of both physical properties was observed for compositions
around Sb,Te;Se. Again, the observed anomaly was ascribed to the preferred Se in-
corporation into the Al site of the Sb,Tes structure.

Recently, Kiipers et al. [139] have synthesized a series of SbyTez_,Se, (x=0-1.6) single
crystals and performed a detailed single crystal analysis which confirmed the pre-
ferred Se incorporation into the Al site of the SbyTes structure. For mixed crystals
with 0<x(Se)<1, Se (nearly) exclusively occupies the Al site and suprisingly as a
consequence the A2--A2 distance increases with increasing Se content. Once the Al
site is completely filled by Se, further Se starts to occupy the A2 site (x(Se)>1). This
leads to a decrease in the A2--A2 distance. If the experimentally determined A2--A2
bond lengths, da>— a2, are normalized to the value of an ideal A2--A2 van der Waals
interaction (SbyTes: dyqw=4.12 A) a value of dar_ar/d,qw=0.9 is found for Sb,Tes
and thus, the A2--A2 bond length is shorter than the distance of an ideal Te2--Te2
van der Waals interaction. This was attributed to attractive electrostatic effects of
the Sb-A1 bonds inside the layers which lead to an increase of the polarity of this
bonding and reduce the bond length of the A2--A2 interactions at cost of the van
der Waals character. Similar analysis on several SbyTe;_,Sey (x=0-1.6) mixed crys-
tals showed that the da>_a2/dyqw ratio increases linearly from about 0.9 (Sb,Tes) to
about 0.92 (SbySe; ¢Teq 4) with increasing Selenium contents, indicating an increase
of the van der Waals character of the A2--A2 interactions.

5.2.1.2 Lattice dynamics of Sb,Te;_Se, compounds

The lattice dynamics of Sb,Tez was studied previously by inelastic neutron and nu-
clear inelastic scattering [14, 12]. While the former analysis gave access to the total
phonon density of state [12], from the later experiments, the 2!Sb and '*°Te par-
tial phonon density of states were determined [14] (figure 5.21). Based on group-
theoretical analysis and first-principles calculations, the symmetries and I'-point
mode energies of the Raman- (g-modes) and IR-active (#-modes) phonon modes
of SboTe; have been determined [140] and the theoretically predicted mode ener-
gies are compared to the phonon spectra of the compound (figure 5.21). In total,
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FIGURE 5.21: '21Sb and !%Te partial phonon density of states of

Sb,Te; adapted from [14]. For comparison, the total phonon density

of state (denoted as "neutrons") reported by Rauh et al. [12] is shown.

Symmetries and calculated I'-point mode energies were taken from
Sosso et al. [140] and are labeled by tics.

Sb,Tes exhibits eight vibrational modes, where the A-modes describe vibrations
along the c-axis and the E-modes are correlated with vibrations in the ab-plane of the
tetradymite structure [140]. The modes E¢(1), A1¢(1) and E,(2) correspond to acous-
tical phonon branches, wheres the other modes are optical ones. The modes A,(3)
and A14(2) both originate from vibrations of the Sb-A2 bonds. According to figure
5.21, these modes are dominated by vibrations of the Sb atoms [14, 12]. Obviously,
in the energy range in which the modes E,(3), A2,(2) and E¢(2) occur, the phonon
density of states of SbyTes is dominated by the Te. The mode E¢(2) corresponds to an
intra-plane vibration of the Sb-A2 bond. E,(3) and Aj,(2) are both pure Tellurium
modes which are caused exclusively by simultaneous vibrations of the atoms in the
Al and A2 site of the tetradymite structure [140]. The element-specific Debye tem-
peratures were determined as 157(5) K and 135(5) K for 1?°Te and !2!Sb, respectively
[14]. An analysis of the temperature-dependent Raman shifts of the modes A14(1),
E¢(2) and A14(2) of a metallic and a semiconducting polycrystalline SboTe; sample
was performed and a softening of all phonon branches with increasing temperature
was reported [141].

The vibrational properties of Sb,Se; were analysed by DFT calculations and the total
phonon density of states was determined [19]. In addition, the site-specific phonon
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density of states for both Sb (Sb1, Sb2) and three Se (Sel, Se2, Se3) positions was re-
ported and a detailed interpretation of the calculated phonon spectra was provided.
The effect of high pressure on the Raman-active modes of Sb,Se; was also studied
previously [78, 142].

A low-temperature heat capacity measurement on SbyTes led to a macroscopic De-
bye temperature of 179(5) K [14] which differs significantly from the earlier deter-
mined value (165K) [143]. Both, a Schottky anomaly [14] and an additional elec-
tronic contribution [143] at low temperatures was suggested for Sb, Tez. Both authors
reported a significant improvement of their fits after adding the low-temperature
contribution. Moreover, a strong anharmonicity above about 100 K was reported in
[14] which was not observed in other studies [143]. This anharmonic behavior was
explained by either additional electronic degrees of freedom or self-doping [14].

A low-temperature heat capacity measurement on Sb,Se3 between 53-300 K was per-
formed previously [144]. The elastic parameters of SboSe; were analysed by first-
principles calculations using two different theoretical models and Debye temper-
atures of 292.50K (LDA-VASP) and 262.78 K (LDA-SIESTA) were predicted [145].
Temperature-dependent heat capacity data of Sb,Se; (©p=162 K) were derived from
the calculated total phonon density of states of this compound. For these calcula-
tions the theoretical approach described in [19, 146] was used.

The low-temperature heat capacity of SbySep>Tez s, SbaSep s Tez 4 and SboSeTe, were
investigated between 4-300 K and Debye temperatures of 172K, 174K and 177 K, re-
spectively, were reported [147]. For each sample and in agreement with the results
of [14], a strong anharmonicity above about 150K resulting in a significant devia-
tion from the Petit-Dulong law was found. By using the model suggested in [143]
for SbyTes, the heat capacity data of the mixed crystals were fitted with an electronic
and a Debye contribution [147]. However, the reported ¢, /T° vs. T plots do not sup-
port the hypothesis of an additional electronic contribution to the low-temperature
heat capacity of these compounds. The temperature dependence of the mode en-
ergy of the acoustical A1¢(1) mode of SbySegzTess, SbaSepsTer 4 and SbySeTe; was
investigated [147] and a softening of this mode with elevated temperature for each
compound was observed. In addition, the temperature dependence of the heat ca-
pacity of several SbyTez_Sey (x=0, 0.6, 1.2, 1.8, 3) mixed crystals was studied from
tirst-principles calculations [146]. Several Sb,Tes_,Se, mixed crystals were studied
by Mossbauer spectroscopy and an increase of the bonding polarity with increasing
Se content was found [148].

5.2.1.3 Aims of this study

The general aim of this study is to understand the influence of the preferred Se incor-
poration on the lattice dynamics and the bonding properties, especially with respect
to the postulated metavalent bonding, of the tetradymite structure type. Moreover,
up to now, the vibrational properties of SbySes have been studied mostly by first-
principles calculations and an experimental confirmation of the predicted phonon
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spectra and heat capacity data is missing and will be provided here. This will allow
an evaluation of the theoretical data reported previously [19, 146, 145].

Five SbyTez_,Sey (x=0, 0.6, 1.2, 1.8, 3) mixed crystals have been selected, where the
samples SbySeq ¢ Tes 4, SbaSe; 2 Te; g and SbySe; gTe; » are isostructural to SboTes;. As
the lattice dynamics of Sb,Te; was studied intensively in the past, the endmember
serves as a benchmark. For the sample SbySepsTes s, the Al site is partially filled
with Se, whereas the A2 site is exclusively occupied by Te. In contrast to this, the Al
site of the samples Sb,Seq 2 Te; g and SbySe; gTeq » is completely filled by Se and there
is a smaller and larger excess of Se also on the A2 site, respectively.

The phonon density of states in the energy range of the modes A,(3) and A14(2) is
correlated with vibrations of the Sb-A2 bonding (figure 5.21) and thus, this energy
range is expected to reflect composition-induced changes on this bonding. As the el-
emental contribution of Sb to the total phonon density of states is dominating in this
energy range (figure 5.21), an analysis of the 12!Sb partial phonon density of states is
most promising to obtain information of the Sb-A2 bonding.

For Sb,Tes, the modes E,,(3) and Ay, (2) are correlated with vibrations of the atoms in
the Al and A2 site of the tetradymite structure [140] and the elemental contribution
of Te to the total phonon density of states is dominating (figure 5.21). Thus, analysis
of the Te partial phonon density of states of the SbyTez_Se, (x=0, 0.6, 1.2, 1.8)
mixed crystals are expected to provide information on the Sb-A1 bonding. The 12!Sb
contribution to the total density of states in the energy range of the modes E,(3),
Az,(2) and E¢(2) is considered to reflect the reaction of the Sb atoms to vibrations
of the Al and A2 atoms. Thus, it is expected that composition-induced changes on
the A1 (and A2) site also influence the '2!Sb partial phonon density of states in this
energy range.

In this study, a macroscopic analysis of the vibrational properties is provided from
low-temperature heat capacity measurements and temperature-dependent inelastic
neutron scattering experiments. Further low-temperature '?!Sb and »Te nuclear
inelastic scattering experiments give access to the partial phonon density of states
from which atom-specific information on the lattice dynamics are obtained. The Se
partial phonon density of states of the SbyTes_,Se, (x=0.6, 1.8, 3) mixed crystals are
determined as described in section 4.3.5.

Finally, for a future high-pressure nuclear inelastic scattering experiment, a diffrac-
tion experiment up to about 18 GPa on polycrystalline Sb,Tez was performed to
determine the transition-pressure and stability fields of the different high-pressure
polymorphs of SbyTes. As the high-pressure nuclear inelastic scattering experiment
using the currently existing setup at the beamline P01 can only be performed un-
der non-hydrostatic conditions [149], also the diffraction experiment was performed
under non-hydrostatic conditions.
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5.2.2 Sample characterization

For all SbyTez_Sey (x =0, 0.6, 1.2, 1.8, 3) samples, powder diffraction data were mea-
sured at ambient conditions (figure 5.22). For the isostructural compounds Sb;Tes,
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FIGURE 5.22: Powder pattern of the SbyTes_,Se, (x =0, 0.6, 1.2, 1.8,
3) samples.
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SbySeq s Tes 4, SbaSeq 2 Teg g and SboSeq gTeq 5, all detected peaks could be indexed with
the structural data reported earlier for Sb,Tes [97] and there was no evidence for any
impurities (figure 5.22). The powder pattern of Sb,Sez were indexed using the lattice
parameter reported in [134] (appendix D.3) and there is also no indication for any
impurities.

In figure 5.23, the lattice parameter 4 and ¢ and the unit cell volumes, V, of the
compounds from the stability field of the tetradymite structure type studied in this
work are shown in dependence of the Se content, x(Se). While for the compound
Sb,Sep ¢ Tep 4 a deviation from Vegard’s law clearly can been seen in all parameters,
Sb,Seq 2 Te; g shows an ideal mixing behavior. Lostak et al. [66] found a deviation
from Vegard’s law in the c lattice parameter of compounds with Se contents up to
x(Se)=0.38, whereas they reported an ideal mixing behavior for mixed crystals with
larger Se contents. Thus, the results from this study and the one from the literature
[66] seem to indicate that the non-ideal mixing behavior is limited to compounds
with small Se contents. In contrast to this, Molodkin et al. [137] reported a non-ideal



85

5.2. Lattice dynamics of the Sb, Tes_,Sey solid solution

uey) J9[[ews are SOy ‘[Z€T “99] sorpnis snoraaid jo smsax oy} 0} paredwod are sanjea pauTULISp A[ejuswrrodxa 9y ‘Juajuod ag ay}

jo aouapuadap ur ad£} amjonms arwApens) Yim sapdures a3 Jo awm[oA [[90 31UN aY) pue q pue v 1juwered aomye] YL,

(99)x
81 Sl [ 60 90 £0 00
1 M 1 L | M 1 N | i 1 M 1
..
O
Rt TN
TRl
-.-..--.O-..-
ATl
;;f;;ﬂa:o
S
e
el
di..,... O
......-..!.-.!.:!G-
e T~
,...:;.r.....o
o
’...fo...:...
Tve o
~So0-
BRSNS
€1l o Tl
Apussiyy e el T,
NI .........r
S eL"qS ~5

"S[OqUIAS 9}
€T G HAINOIg
(e9)x
8l Sl Tl 6'0 90 €0 00
1 M 1 L | M 1 | M 1 |
8TI'Y . 8TI'Y
e
9LTY b 9L1Y
o TTes Q
—~ = ~
YTy . hCRET . YTy .
i,
wuTY *Fucy
$9'62 - $9'6C
RN
06'67 e 06'6T
(Y T o
— - . —
91'0¢ o ® ol 91'0¢ o
e ~T-. .
woe oot aros
4372 . 432
el
0S¥ e 0SP
> T <
— .‘Wﬂ! —
o > [99] e 2T 89 P
Apmissiyl e RN
"ag"fa a8 b




86 Chapter 5. Results

mixing behavior over the entire compositional range of the tetradymite structure
type (exception: a of x(Se)=0.6; ¢ of x(Se)=1). It is noteworthy that the samples stud-
ied here and by Lostak et al. [66] were synthesized from stoichiometrically weighted
amounts of the elements and at temperatures above the melting points of the start-
ing materials and the products, whereas the samples in [137] were synthesized from
stoichiometric mixtures of Sb,Te; and Sb,Se; and at temperatures below the melting
points of the reactants. As no chemical analysis of the samples is provided in [137],
it is very difficult to evaluate the influence of the route of sample preparation on the
properties of the SbyTe;_,Sey mixed crystals.

For the isostructural compounds Sb,Tes, SbaSep ¢Tez 4 and SbySe; 2 Te; g, the experi-
mentally determined c/a ratios are in good agreement with the literature data [97,
66, 134] (table 5.7) and only small deviations are observed which might be due to
slight differences in the chemical compositions. The c/a ratios reported in [137] are

TABLE 5.7: The lattice parameter ratios of the Sb,Tes_,Sey (x=0, 0.6,
1.2, 1.8, 3) samples. For the samples x=0, 0.6, 1.2, 3 the ratios deter-
mined in this study are compared to the corresponding ones from the

literature.

Sample c/a a/b c/b Reference

Sb,Tes 7.138(3) this study
7.136(1) [97]

SbySepeTers | 7.151(3) this study
7.147(2) [66]

SbySeq,Terg | 7.158(3) this study
7.160(3) [66]

SbySeigTe1nr | 7.174(3) this study

Sb,Se; 0.9872(1) 2.9625(3) 2.9246(3) | this study
0.9876(1) 2.9590(5) 2.9223(5) [134]

significantly smaller than the ones found in this study which might be a consequence
of the above-mentioned differences in the sample preparation.

For Sb,Ses, lattice parameter of a=11.7795(8) A, b=3.9762(3) A and ¢=11.6289(7) A
and a unit cell volume of V=544.67(8) A3 were determined (table 5.7). The lattice
parameter are in very good agreement with literature data [134].

5.2.3 High-pressure behavior of Sb,Te;

In figure 5.24, the result of a high-pressure study on polycrystalline Sb,Tes is shown.
«-SbyTes is stable up to about 12 GPa, however, above about 10 GPa it coexists with
the B-phase. Compared to the literature (8.0 GPa) [77], an increased transition pres-
sure is observed. The pure B-Sb,Te; phase is stable up to at least 18 GPa indicating
a higher transition pressure from the - to the -phase when compared to reference
(13.2GPa) [77].
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FIGURE 5.24: High-pressure stability fields of - and B-Sb,Tes be-
tween 0-18 GPa.

5.24 Low-temperature heat capacity

Low-temperature heat capacity data of the samples Sb,Tes, SbaSeq g Tez 4, SboSeq 2 Tey g,
Sb,Seq gTe; 2 and SbySez were measured between 2-300K (figures 5.25; Appendix
D.2). The heat capacity data of SboTes reach the Petit-Dulong limit at around 250K
and for temperatures above about 290K they clearly exceed this value. For the
isostructural compounds SbySep¢Tez 4, SboSe; 2 Te; g and SboSeq gTep , the heat ca-
pacity data are close to the Petit-Dulong limit for temperatures between 280-300 K.
Between 2-300 K the heat capacity data of the Sb,Ses sample are significantly smaller
than the Petit-Dulong limit. As mentioned in section 5.2.1.2, the heat capacity of
SbyTes_xSeyx (x=0, 0.6, 1.2, 1.8, 3) mixed crystals was also calculated from DFT calcu-
lations [146]. Our experimental data are in excellent agreement with the results from
theory (a comparison is shown in [146]).

In order to determine whether there are significant anharmonic contributions to the
low-temperature heat capacity, the experimental data were fitted with the fit func-
tions shown in equations (2.39) and (2.40). While equation (2.39) describes the heat
capacity of an assembly of harmonic lattice oscillators, equation (2.40) contains ad-
ditional anharmonicity coefficients which serve for the correction of anharmonic ef-
fects.

For the isostructural compounds Sb,Tes, SbaSeg g Tes 4, SbaSe; 2 Tey g and SboSe; gTe o,
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FIGURE 5.25: The low-temperature heat capacity of the samples Sb,Tez and Sb,Se;. The experimental data were fitted with the
functions shown in equations (2.39) (blue line) and (2.40) (red line). In addition, the heat capacity derived from the inelastic neutron
scattering data (black line) are shown. The data reported in the literature [14, 144] (colored dots) are depicted for comparison.
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the fits obtained from equation (2.40) are in excellent agreement with the experimen-
tal data and the obtained fit parameter are summarized in table 5.8. For all samples,
it was found that a first-order anharmonicity coefficient, A, is sufficient for a reliable
fitting of the experimental data and the fits performed with equation (2.40) yielded
values between 2-3-10"! K~! for A;. The fits using equation (2.39) yielded an un-
derestimation of the experimental data at higher temperatures, indicating that there
is an anharmonic contribution to the total heat capacity which becomes significant
with elevated temperatures.

For Sb,Ses, fits using equation (2.39) and (2.40) yielded very similar results inde-
pendent of the number of anharmonicity coefficients included to the fit. This clearly
indicates that anharmonic contributions to the total heat capacity of Sb,Ses are negli-
gible small between 2-300 K and thus, the compound is considered to be a harmonic
lattice oscillator in the studied temperature range. Therefore, in figure 5.25 and table
5.8 only the results obtained from equation (2.39) are shown.

A comparison of the low-temperature heat capacity of the compounds Sb,Tez and
Sb,Sep ¢ Tep 4 with corresponding data from the literature [14, 147] shows that the
heat capacities reported previously are significantly larger than the ones measured in
this study, a fact that was attributed in the earlier studies by a strong anharmonicity
above about 100 K which results in a pronounced deviation from the Petit-Dulong
limit. Although the results obtained from the fits to our experimental data using
equation (2.40) indicate a small anharmonic contribution to the total heat capacity
of these compounds, the strong deviation from the Petit-Dulong limit as suggested
in the literature could not be confirmed. As no detailed description of the investi-
gated samples and the measurement conditions are given in the literature, it is very
difficult to find reasons which might explain the discrepancies. The data reported
for SbySe; [144] are in a good agreement with the ones determined in this study and
there is only a small mismatch in the high-temperature range.

A comparison between the heat capacity derived from the inelastic neutron scatter-
ing (INS) data (see section 4.3.2.3) with the ones obtained from the PPMS measure-
ments shows that for the isostructural samples SbyTes, SbySeg¢Ter s, SbaSersTer s,
Sb,Seq gTe; » the calculated heat capacity from INS underestimates the experimental
data in the high-temperature range above about 150-200K (figures 5.25; Appendix
D.2). However, it has to be taken into account that from the inelastic neutron scat-
tering data only the isochoric heat capacity were calculated and thus, the thermal
expansion of the unit cell and other anharmonic effects are ignored. Therefore, the
deviations between the measured and calculated values can be considered as a fur-
ther hint that for an accurate description of the low-temperature heat capacity data
a correction for the thermal expansion and anharmonic effects is mandatory.

For Sb,Se; an underestimation of the experimental data was found even over the en-
tire temperature range. The strong deviation between the calculated and measured

heat capacity data of SbySes is surprising as this sample was considered to behave
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like a harmonic lattice oscillator in the studied temperature range (see above). How-
ever, it is noteworthy that the sample studied in the low-temperature heat capacity
measurement was synthesized as described in section 3.1.1.2, whereas the sample
investigated by inelastic neutron scattering was a commercially available one which
we had to use as it was found to be very challenging to synthesize the required
large amounts of Sb,Sez with the route described above. Although, it was confirmed
by powder diffraction that both samples were pure phases, property measurements
were not performed and thus, it is not evident that both samples have the same
amount of charge carriers and defects which would also contribute to the heat ca-
pacity.

According to equation (2.38), the Debye temperatures of all samples, ®@p ppms, were
calculated from the fit parameter c3 (table 5.8, equations (2.39) and (2.40)). Moreover,
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FIGURE 5.26: The Debye temperatures of the SbyTe;_,Sey (x=0, 0.6,
1.2, 1.8, 3) mixed crystals as determined from low-temperature heat
capacity measurements (blue dots) and as derived from the inelastic
neutron scattering data (black dots). The data from the literature are
marked by triangles ([14] (green), [143] (orange), [147] (red)).

the heat capacity data calculated from the inelastic neutron data were fitted with the
Debye model given in equation (2.36) and the Debye temperatures, ©p ns, were also
extracted. The values for ®p pppms and Op ns can be found in appendix D.1. In fig-
ure 5.26, the Debye temperatures, ©p ppyms and Op ns, are shown in dependence of
the Selenium content of the samples and compared to the literature data [14, 143,
147]. In general, the Debye temperatures of the isostructural compounds Sb,Tes,
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SbySeq s Tez 4, SbaSeq 2 Teq g and SbySe; gTep » show an increase with increasing Se con-
tent indicating a hardening of the bonding. Results of a Mdssbauer spectroscopic
study on several SbyTe;_,Sey mixed crystals [148] suggest an increase of the bond-
ing polarity with an elevated Se content and the results obtained in this study seem
to support this hypothesis. Also Das et al. [147] reported an increase of the Debye
temperature with increasing Se contents of the samples (fig. 5.26).

For Sb,Ses, a Debye temperature of 177.1(4) K was found from the low-temperature
heat capacity measurement, whereas the inelastic neutron data yielded a Debye tem-
perature of 233(2) K. Again, this deviation might be caused by sample-specific differ-
ences (see above). However, both Debye-temperatures are significantly smaller than
the ones (292.50K and 262.78 K) obtained from a theoretical analysis of the elastic
parameter [145]. This indicates that the applied theoretical models [145] are not
suitable for an accurate prediction of the Debye temperature of this compound. In
contrast to this, the Debye temperature (162 K) calculated from DFT calculations in
[146] is in much better agreement with the one derived from the PPMS measure-
ment. Thus, the theoretical approach introduced in [19, 146] is more suitable for an
accurate predication of the vibrational properties of SboSe; than the ones reported
by [145].

In figures 5.27a) and b), the enthalpy and entropy of the SbyTe;_,Seyx (x=0, 0.6,
1.2, 1.8, 3) mixed crystals calculated from the low-temperature heat capacity data
(PPMS) with equations (2.35a) and (2.35b) are shown in the temperature range be-
tween 2-300K. SbyTe3 exhibits the largest enthalpy and entropy values of all com-
pounds. Sb,Seq ¢Te; 4 shows only slightly smaller enthalpy and entropy values com-
pared to the ones of Sb,Tez. Enthalpy and entropy of the samples Sb,Se; ,Te; g and
Sb,Seq gTe; » show a very similar temperature-dependence. Sb,Se; yielded the small-
est enthalpy and entropy of all studied compounds.

In order to gain more detailed information on the mixing behavior in the stabil-
ity field of the tetradymite structure type, the excess heat capacity of the samples
Sb,Sep ¢Tep 4 and SbySeqrTe; g were determined (figures 5.28). For this, the com-
pounds SbyTes and Sb,Se; gTe1» have been considered as endmembers. By using
the heat capacity data of these compounds, the heat capacity of SbySej¢Tep4 and
Sb,Seq 2 Te; g were calculated under the assumption of an ideal mixing behavior us-
ing the Kopp-Neuman rule (equation (2.41). The excess heat capacity of Sb,Sep ¢ Te; 4
and Sb,Se; o Te; s were determined by subtracting the calculated ideal data from the
measured ones.

The temperature-dependence of the excess heat capacity of SbySeg ¢ Tes 4 and SbySe; 2 Te; g,
respectively, is shown in figure 5.28a). Both compounds show a significant non-ideal
mixing behavior which is probably due to the preferred Se incorporation into the A1l
site of the tetradymite structure type. At temperatures below about 25K, both com-
pounds show a slightly positive excess heat capacity. Between 25-300 K, Sb,Se ¢ Te; 4
and SbySeq s Te; g, respectively, exhibit a pronounced negative excess heat capacity.
At around 50K, a local minimum is observed for both compounds.
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FIGURE 5.28: Temperature dependence of the excess heat capacity of SbySeg ¢Te; 4 and SbySe; ;Te; g (a)). In b), the excess enthalpy of

both samples is compared at several temperatures.
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In general, the amplitude of the excess heat capacity is comparable to the one of
the Pyrope-Grossular solid solution, one of most non-ideal natural mixing systems
[150]. In [146] the excess heat capacity of SbySep¢Tez 4 and SbySeq 2 Te; g was deter-
mined from first-principles calculations. Although, the theoretical calculations sug-
gest a smaller magnitude for the excess heat capacity data of both compounds, the
predicted temperature-dependence is comparable to the corresponding experimen-
tally determined ones.

The excess enthalpy (denoted as "AHnx") of SbySep¢Tez 4 and SbySe; 2 Te; g, respec-
tively, was calculated from the corresponding excess heat capacity data using equa-
tion (2.35a). In figure 5.28b), the excess enthalpy of Sb,Seq ¢Tep 4 and SbySe; »Teq g are
compared for several temperatures. Obviously, the excess enthalpy of SbySe; 2 Te; g
is larger compared to the one of Sb,Seq ¢Te; 4 —also at room temperature— indicating
that not only the preferred Se incorporation into the Al site affects the mixing be-
havior, but also the incorporation of Se in A2 site seems to have an effect on the mix-
ing behavior. This is surprising, as the results from the powder diffraction analysis
performed in this study (figure 5.23) indicate that at room temperature Sb,Sey ¢Te; 4
shows a significant non-ideal mixing behavior, whereas Sb,Se; 2 Te; g exhibits ideal
mixing properties. In order to understand this in more details, further measure-
ments e. g. temperature-dependent resistivity measurements are mandatory, how-

ever, this is out of the scope of this study.

5.2.5 Lattice dynamics of Sb,Te;_,Se, (x=0, 0.6, 1.2, 1.8)
5.2.5.1 Inelastic neutron scattering

Figure 5.29 shows a comparison between the total phonon density of states of the
SbyTes_xSeyx (x=0, 0.6, 1.2, 1.8) mixed crystals determined from inelastic neutron scat-
tering experiments performed at around 40K between 0-40 meV. Analogous plots
for the 150K and 300K data can be found in appendix D.5. In agreement with pre-
vious studies [14, 12, 140], three domains of vibrations have been identified in the
total phonon density of states of each compound (see also section 5.2.1.2). While
the acoustical phonons occur between about 0-10 meV, the optical Sb-Al and Sb-A2
modes are present between about 10-18 meV and 18-25 meV, respectively. In the en-
ergy range between 0-25 meV, all phonon modes show a significant hardening with
increasing Se content which can be seen clearly at all temperatures. This indicates a
hardening of the chemical bonds with increasing Se content of the samples.

At energies above 25meV two additional peaks were detected in the 40K data (fig-
ure 5.29) of the samples SbySe(¢Sez 4 and SboSe; 2 Ter g which are unusually broad-
ened at higher temperature (figure 5.30; Appendix D.5). For Sb,Tes and Sb,Se; sTeq 2
there are only low-intense contributions present in this energy range.

Four possible sources to explain the additional high energy peaks and the observed
unusual broadening have been considered which are a) an inaccurate Al subtrac-

tion, b) experimental artefacts, c) structural or element/isotope-specific effects and
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40meV. Energies of theoretically predicated Raman modes from the
literature [140] are shown for comparison. Right: SbyTe; structure

type.

d) multi-phonon processes.

In order to evaluate whether these peaks are the result of an inaccurate subtraction
of the Al data, the total scattering functions of each Sb,Tes_,Se, (x=0, 0.6, 1.2, 1.8,
3) sample before the Al subtraction were inspected and the data were compared to
the total scattering function of the empty can (figure 5.31). Analogous plots for the
150 and 300 K data can be found in appendix D.6. Obviously, the additional features
cannot be explained only by the Al, in particular as for the samples with x(Se)=0.6
and 1.2 two additional contributions at slightly different energies are observed.

An experimental artefact as possible source for the additional peaks cannot be com-
pletely excluded, however, it should be mentioned that in the measurements per-
formed at the beamline ARCS directly after our study such contributions to the
phonon data were not observed [105]. Also, according to the experience of the beam-
line staff such features are usually not observed [151].

From the results of ?!Sb and ®Te nuclear inelastic scattering experiments pet-
formed at comparable temperatures we can exclude that the additional peaks are
related to Sb and Te as there is no evidence in the partial phonon density of states of
these isotopes. Thus, the additional peaks have to be directly and exclusively related
to Se. In the energy range where the additional peaks occur vibrations of covalent
Se-Se bonding might be expected. However, in the crystal structures of Sb,Se ¢Se; 4
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FIGURE 5.31: The total scattering functions of the SbyTe;_,Sey (x=0,
0.6, 1.2, 1.8, 3) mixed crystals and the empty can before the Al sub-
traction measured at around 40 K between 0-42 meV.

and Sb,Se; ;Te g at ambient conditions there was no evidence for any covalent Se-Se

bonds [139]. In addition, our low-temperature powder diffraction experiments [107,

139] on these samples do not provide any hint on structural phase transitions which
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might lead to the formation of covalent Se-Se bonds. Still, further detailed single
crystal investigations at low temperatures would be desirable.

A further explanation for the additional high energy peaks are multi-phonon pro-
cesses. In the energy range between 15-20 meV both, Sb,Se( ¢Se; 4 and SbySe; s Teq g,
have several phonon modes and obviously, the additional high energy peaks oc-
cur at roughly twice these energies. At low temperatures, only a limited number of
multi-phonon processes are possible which might cause the well developed addi-
tional peaks. At higher temperatures more divers multi-phonon processes are likely
which could lead to the unusual broadening of the additional peaks at higher tem-
peratures.

Summarizing, multi-phonon processes are the most likely cause for the additional
peaks. It is noteworthy that pronounced multi-phonon processes are limited by the
Se content of the samples and further experimental (e. g. low-temperature single
crystal diffraction or Raman measurements) and theoretical analysis are mandatory
to understand this in more detail. However, this is out of the scope of this thesis.

In figure 5.32, the phonon density of states of SbSe; ,Te; g measured at 37, 150 and
300K are compared. (Analogous plots for other samples can be found in appendix
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FIGURE 5.32: Temperature-induced mode shifts in the total phonon
density of states of SbySe; ;Te; 5.

D.7). The results of this study suggest that for all compounds there is a slight soft-
ening of the acoustical and Sb-A1 phonon modes with increasing temperatures. For
the Sb-A2 phonon modes of the samples SbyTe; and SbySeq ¢Ses 4 a hardening with

increasing temperatures is observed. While the first observation is in agreement
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with previous low-temperature Raman studies, the second observation is in con-
trast to what was observed earlier [147, 141]. An analyis of the temperature-induced
shifts of the Sb-A2 modes of the sample Sb,Se; ;Te; g is challenging due to the low
and smeared out intensities of the peaks. In the 150K and 300K data two small
peaks are observed whose energies seem not to be affected by the temperature. At
37K, only one broad peak is observed and the relation of this peak to the ones de-
tected at higher temperatures remains unclear. For the Sb,Se gTe;, sample only
one broad peak is observed in this energy range and it seems that this peak softens
with elevated temperatures. Summarizing, the Sb-A2 vibrations in Sb,Se; ;Te; g and
Sb,Seq gTe1 2 seem to be affected differently by the temperature when compared to
Sb,Tes and Sb,Se( ¢Se> 4.

5.2.5.2 !21Sb and '*Te nuclear inelastic scattering

5.2.5.2.1 Parameters describing the lattice dynamics

Table 5.9 summarizes the values of the Lamb-Mossbauer factor (L.M.F) and the mean
force constant (F;) as obtained from the '?!Sb and %Te NIS data, and the isotope/
element-specific Debye temperatures (see section 4.3.4), Op1. and Opge. For the

TABLE 5.9: Values for the Lamb-Mossbauer factor (L.M.E), mean
force constant (F;) and 2Te and Se Debye-temperatures (Op ;) of the
SbyTez_xSey (x=0, 0.6, 1.2, 1.8) mixed crystals.

215p Te Se
Sample LM.E Pl' / N-m LM.E Pz' / N-m ®D,Te / K ®D,Se / K

Sb,Tes 0405417  72(5) - - - -
SbySegeTers | 042453  80(5) | 0.431517  70(5) 137(6) 162(6)
szse].zTel.g 0.498957 80(5) — — — —
SbySersTer, | 0.385525  93(5) | 0.501263  64(5) 149(6) 192(6)

compounds SbyTes, SbySeg ¢ Tez 4 and SbySe; 2Se; g, the mean force constant obtained
from the 21Sb data is equal within error, whereas it increases slightly for Sb,Se; gSeq »
indicating a lattice hardening. The mean force constants obtained from the '*Te par-
tial phonon density of states are equal within error. As expected, the Se Debye tem-
peratures are larger than the corresponding values for Te, indicating that the Sb-Se
bonds are harder than the Sb-Te bonds. The element-specific 1>°Te Debye temper-
atures of SbySepsTer 4 and SbySeq gSep, are smaller than the value determined by
Bessas et al. [14] for SbyTes (157(5) K).

5.2.5.2.2 Comparison of the '?!Sb and '*Te NIS data

Figure 5.33 depicts the area weighted '2!Sb phonon density of states of the sam-
ples SbyTes, SbySeg 6 Tep 4, SbaSer 2 Ter s and SbySe; sTeq » and the area weighted 12 Te
phonon density of states of SbySepsTer 4 and SbySeq gTej 2 between 0-30 meV. 125Te
data of Sb,Te; were taken from the literature [14] and the symmetries and I" point

mode energies predicted in [140] are included for comparison.
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At energies larger than 22 meV several small and not very pronounced peaks occur
especially in the partial '2!Sb phonon density of states. According to the results of
previous studies [14, 12, 140], Sb,Tes does not exhibit such energetically high-lying
phonon branches. For the SbyTesz_,Se, mixed crystals, the INS data show no new
peaks above 22 meV which coincide with the ones in the element-specific phonon
density of states. Thus, the additional peaks are considered to be experimental arte-
facts.

In the 12!Sb and '?°Te partial density of states a hardening of the acoustical phonon
branches and the optical Sb-A2 modes is observed with increasing Se content of the
samples (fig. 5.33). The acoustical modes show a moderate hardening, indicating
that these modes are little influenced by the varying Se content. In contrast to this,
the composition-induced shifts of the mode energies of both optical Sb-A2 phonon
branches is much more pronounced and thus, they are more sensitive to the Se con-
tent. In the '®Te partial phonon density there is also a pronounced hardening of the
well developed peak in the energy range of the optical Sb-Al phonons indicating
that the modes E,(3) and A, (2) are also sensitive to the Te/Se exchange.

In the '2!Sb partial phonon density there is not only a composition-induced harden-
ing of the optical Sb-A1 phonons, but even an increase of the number of modes: one
peak was found for Sb,Te; and Sb,Seq > Te; g, two peaks are observed for SbySep ¢ Te; 4
and Sb,Se; gTeq ».

In order to understand the observed changes and hardening of modes in the '2Sb
and »Te partial phonon density of states in more detail, the scaling factors (see
section 4.3.3.3) calculated with the homology relation (equation (2.31)) have to be
considered.

The direction-dependent scaling factors Egy,1e,/Ea(a) and Egp,1e,/ Ea(c) are similar
for all compounds indicating that the modes parallel and perpendicular to the [001]
direction are influenced by the varying Se content in a comparable way. Obviously,
for each composition the average scaling factor, Egp,1e,/Ea(V), calculated for the
125Te partial phonon density of states is significantly larger than the corresponding
value for the 12!Sb data. This is due to the fact that the Tellurium modes are not only
affected by the changes of the unit cell volume but also by variations of the Se/Te
ratio. In figure 5.34, the average scaling factors are applied to the '2!Sb and *Te
partial phonon density of states of the SbyTe;_,Sey (x=0.6, 1.2, 1.8) mixed crystals.
For a more detailed analysis of the composition-induced changes, in the following
sections the scaled 2!Sb and %°Te phonon data of the mixed crystals are compared

to the corresponding ones of Sb,Tes.

5.2.5.2.3 Lattice dynamics of Sb,Se(¢Te; 4

Figure 5.35 shows a comparison of the scaled '?!Sb and *Te partial phonon den-
sity of states of SbySeg¢Tey4 with the corresponding data of SbyTez. In the energy
range of the Sb-A1 vibrations there are some discrepancies visible in the '2!Sb par-
tial phonon density of states of both compounds. This is easy to explain, as in
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Sb,Sep ¢ Tep 4 the Al site is partially filled with Se due to the preferred Se incorpora-
tion, whereas in SbyTes there is exclusively Te present in this site. The single peak
in the 121Sb data of SbyTe; is caused by vibrations of the Sb-Tel bonding whereas
the two peaks in the 121G, partial phonon density of states of SbySeg¢Tey4 are due
to the Sb-Tel and Sb-Sel vibrations. Previously, a bond length of about 3.15 A was
reported [139] for the Sb-A1 bonds in SbySeq ¢ Te, 4. Based on theoretical calculations
on Sb,Ses, Deringer et al. [19] introduced an indicator to evaluate the strength of Sb-
Se bonds. According to this bonding indicator, the Sb-Sel bond in Sb,Seg¢Te; 4 is
a weak bond and thus, the bonding energy is reduced compared to an ideal cova-
lent Sb-Se bond. In contrast to this, the Sb-Tel bond length in SbySeg¢Tes 4 is only
slightly shorter than the one in Sb,Tes [139] and hence, it is expected that the Sb-
Tel modes of both compounds occur at a similar energy which is indeed observed.
Thus, the energetically lower lying peak in the 121Sb partial phonon density of states
of SbySep ¢ Tey 4 is considered to be caused by the Sb-Sel bonds, whereas the energet-
ically higher lying one is ascribed to the Sb-Tel bonds. As the Sb-Tel modes in the
121G, partial phonon density of states of SboTe; and the scaled one of SbySepTes 4
occur at similar energies, there are no indications for a change in bonding.

The modes of the scaled 1%°Te partial phonon density of states of Sb,Seg ¢Tep 4 occur
at very similar energies as in SbyTes. This is also the case for the acoustical and Sb-
A2 modes in the 2!Sb partial phonon density of states indicating that the observed
hardening of these vibrational modes in SbySe( ¢Tey 4 is mainly due to the change in
the unit cell volume and the different Te/Se mass fractions and there is no evidence
for a substantial change in bonding.

Summarizing, the observed changes in the 12!Sb and '>°Te partial phonon density of
states of SbySep ¢ Tep 4 compared to the ones of Sby Tes could be reduced to composition-

induced structural changes and thus, the bonding in both compounds is comparable.

5.2.5.2.4 Lattice dynamics of SbySe;,Te; g

A comparison between the scaled 121g}, partial phonon density of states of SboSe; xTeq g
with the corresponding data of the SboTe; shows that the energies of the acoustical
and the optical Sb-A1 modes of Sb,Se; ,Te; g are in very good agreement with the
ones of SbyTes (figure 5.36). This confirms that the observed mode hardening is ex-
clusively due to the composition-induced changes of the unit cell volume. For both
compounds, in the energy range of the Sb-Al modes a single peak is observed. As
for SbySe;,Te; g the Al site is completely filled with Se, this single peak is caused
by vibrations of the Sb-Sel bonds. Obviously, the Sb-Sel and Sb-Tel mode occur at
nearly the same energy indicating that the Sb-Sel bonding in Sb,Seq > Te; g is harder
than the one in Sb,Se( ¢ Tey 4. This is not surprising as the distortion of the Sb-A1 oc-
tahedra in SbySe; 2 Te; g is significantly smaller compared to the one in SbySep ¢Te; 4
and thus, it is expected that the Sb-Se bonds in the former compound are stronger
and thus harder than in the later one. In the energy range of the Sb-A2 vibrations the
maxima of both peaks differ significantly. While in Sb,Te3 the A2 site is completely
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FIGURE 5.36: Comparison between the scaled >!Sb partial phonon
density of states of SbySej,Te;g with the corresponding data of
SbyTez. The mode positions of SbyTe; are marked by dashed lines.

filled by Te, for SbySe; »Te; g there is also a small amount of Se present on this site.
The mismatch in the mode energies of the Sb-A2 vibrations indicate that the Sb-A2
bonding is different in both compounds.

5.2.5.2.5 Lattice dynamics of Sb,Se; sTe; >

Figure 5.37 shows a comparison between the scaled '2!Sb and %°Te partial phonon
density of states of SbySeqgTe;, with the corresponding data of SbyTes. Like for
Sb,Seq 2 Tey g, for SbySeq gTe » the mode energies of the acoustical modes in the 121gp,
and 1?°Te phonon data are in good agreement with the ones in Sb,Te; confirming
again that the observed hardening is exclusively due to the composition-induced
changes of the unit cell volume and the different Se/Te mass fractions. The '*Te
phonon data of both compounds show a single peak in the energy range of the Sb-
A1 vibrations. Obviously, the Sb-A1 peak in the scaled '?°Te partial phonon density
of states of SbySe; gTeq » occurs at the same energy as the one of Sb,Tes. This indicates
that although the Te in both sites of the tetradymite structure type is (partially)



Chapter 5. Results

106

Area weighted '*'Sb PDOS

Acoustical Optical phonons Acoustical Optical phonons
phonons Sb-Al  Sb-A2 phonons  Sb-Al Sb-A2
I T I T 11 L _ I
_m_:u?_:_n_ﬁ:mcﬂr : m,.._,‘E Ay(3) ?u_.a_ E(DALD E(2 E3)  Ef2) Ayld) A2)
g g A (2) : - As(2)
- % \\\l\l\‘ £
= Tel-Sb-Te2 SbyTe [14]
Sb,Te, w
- Sel-Sb-Te2/Se2
. 3
- =
2 Ve
Sb,Se, ¢Te, , Ma 1
“\l... 1
z i
o _
m 7 Sb,Se, ¢Te, 5

30

o+l
~—
=)
=3
~

5 10 15 20 25 30
E / meV E / meV

FIGURE 5.37: Comparison between the scaled 121gh and 125Te partial phonon density of states of Sb,Se; gTe; , with the corresponding
data of SbyTes. The mode positions of Sb,Te; are marked by dashed lines.




107

5.2. Lattice dynamics of the Sb, Tes_,Sey solid solution

"umoys are sayess o Aysusp uouoyd renred (sjop surf anfq) ALc;; PUE (SIOP AU PaI) Sy, Pue

(s10p aurp 3e[q) [e303 Surpuodsariod ayy ‘uontppe uf *((q) T aL81agZag pue ((v) F2a190a57qs jo sayess jo Ayrsuap rented o :@¢"G HINOIY

T
=
=
=

T
o
S

R p—
m.r—..w.mH —_—
SIN 48| ——
SNI——

T
"l
=)

suouoyd jeandp

8170
CT'la18 laglqsy

1o

(7)D paySram uonnaN

' Ca190agCqg|

T
=
=
=

T
[an]
=
=

s &
(7)D paySom uonnaN

T
(]
=

S0

suouoyd [eandg

810



108 Chapter 5. Results

replaced by Se, the observed mode hardening is also a result of the composition-
induced changes of the unit cell volume and the different Se/Te mass fractions. In
the 121Sb phonon data of SbySeq gTej» two peaks are observed in the energy range
of the Sb-A1 vibrations. However, the energetically higher lying peak at 15meV
is very weak and might be an experimental artefact. The energetically lower lying
one is slightly softer than the Sb-A1 mode in SbyTes. In the energy range of the
Sb-A2 modes, deviations between the scaled 2'Sb and 2°Te partial phonon density
of states of SbySe; gTe;» and the corresponding data of SbyTes can be clearly seen.
While in the 21Sb phonon data of Sb,Se; gTeq » the Sb-A2 vibrations occur at higher
energies, the Sb-A2 peak in the >Te partial phonon density of states is observed at
a lower energy compared to the one of SbyTes. Like for SbySe; 2 Te; g, these discrep-
ancies indicate that the bonding character of the Sb-A2 bonds in Sb,Se; gTe; ; differs
from the one in Sb,Tes.

5.2.5.3 Se partial phonon density of states

Figure 5.38 shows the extracted Se partial phonon density of states of SbySeg ¢Te; 4
and Sb;Se; gTeq » (see section 4.3.5) together with the total and 1216}y and 125Te PDOS.
The intensities of the Se modes in Sb,Seq ¢ Te; 4 are significantly smaller than the ones
in SbySe; gTe1 » which is due to the different Se contents in both samples, especially
on the Al site. In the energy range of the Sb-A2 modes, no Se contribution to the
total phonon density of states of SbySepTes 4 is found. In contrast to this, in the
same energy range, for Sb,Seq gTeq > a significant Se contribution to the total phonon
density of states of this compound is observed. This can be easily understood as for
Sb,Seq ¢ Tey 4 there is no Se present on the A2 site and thus, no Se phonon density is
expected in the energy range of these modes. For SbySe; gTej » the A2 site is partially
filled by Se and thus, partial Se phonon density of states in the energy range of these
phonon modes is expected.

5.2.6 Lattice dynamics of Sb,Se;

Figure 5.39a) shows the experimentally determined total and !?!Sb partial phonon
density of states and the calculated Se partial PDOS (see section 4.3.5) of Sb>Ses. In
table 5.10, the values obtained for the Lamb-Mossbauer factor (L.M.F.), the mean

TABLE 5.10:  Element-specific Lamb-Mossbauer factors (L.M.E),
mean force constants (F;) and Debye temperatures (Op ;) of SbySe3

Element | LME  F,/Nm Op; /K
2Ish [ 0.46590  120(6) 160(6)
Se — — 239(6)

force constant (F;) and element-specific Debye temperatures (see section 4.3.4), ©p g},
and Opg,, obtained from the 121G and Se data are summarized. In agreement with
the literature [19], the larger cut-off frequency and energetically higher lying
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FIGURE 5.40: Comparison between the experimentally determined and theoretically predicated total phonon density of states of Sb,Se3
(left). Analogous comparison for the Sb and Se partial phonon density of states are also shown (middle, right). Scaling factors as shown
in the figures were applied to the theoretical data.
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optical phonons as well as the larger mean force constants indicate that Sb,Se; is
harder than the compounds from the stability field of the tetradymite structure type.
In figure 5.39b), the Sb and Se partial phonon density of states and the total one as
predicted by Deringer et al. [19] are shown. Domains in which certain atoms are
dominating the total phonon density of states [19] are marked in figure 5.39b). The
theoretical data show much more features, however, this could be due to the fact that
the experimental data are limited by an experimental resolution larger than 1 meV.
Both, the experimental and theoretical data show that antimony contributes espe-
cially to the modes in the energy range between about 0-10 meV, whereas at higher
energies Se vibrations are dominating the total phonon density of states of Sb,Ses.
A comparison between the experimentally determined and theoretically predicted
total phonon density of states of Sb,Ses shows that between 0-16 meV the experi-
mental and theoretical data are in excellent agreement (figure 5.40, left). The three
theoretically calculated features between 9-13 meV seem to occur as one broad peak
in the experimental data which can probably be attributed to the experimental res-
olution. In order to establish the significant mismatch between the experimental
and theoretical data at higher energies, the theoretical phonon density was scaled
by a factor of 1.05 and 1.108 , respectively. The application of the former scale factor
leads to an overlap in the energy range of the Se2/Se3 dominated vibrations, while
the application of the latter scale factor leads to an overlap in the high-energy range
of Se2/Se3 and Sel dominated vibrations (indicated by arrows in the figures).

The Se partial phonon density of states were treated in the same way and similar
scaling factors were applied (figure 5.40, middle). In case of the Sb data (figure
5.40, right), it is more difficult to gain a reliable overlap since in the theoretical data
there are many modes present which seem to be either degenerated or not resolved
in the experimental partial phonon density of states. Also, the intensities of the
predicted and detected peaks seem to be significantly different. However, scaling
factors of 1.06 and 1.12 seem to yield a reliable overlap between the experimentally
determined and the theoretically predicted partial PDOS. Summarizing, it is impor-
tant to emphasize that a complete overlap between the experimental and theoretical
data is not given by applying a constant scaling factor for the entire energy range.
In order to understand the origin of the deviations between the experimental and
theoretical phonon data above 15meV, the homology relation (equation (2.31)) is
used. As the masses of both elements can be considered to be identical in both data,

TABLE 5.11: Lattice parameter and unit cell volume of Sb,Se3 as de-
termined in this study and reported previously [19].

This study  [19] ratio
a/A | 11.7405(5) 11534 1.018
b/A | 39624(1) 3960 1.001
c/A | 11.5846(4) 11.221 1.032
vV /A% | 538.92(5) 51252 1.052
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the homology relation only depends on the ratios of the lattice parameter and unit
cell volumes, respectively. According to equation (2.31), these ratios represent the
direction-dependent and average scaling factors. Experimentally determined and
theoretically predicted lattice parameter of Sb,Se3 and their ratios are summarized
in table 5.11. The lattice parameter ratios yield values between 1.001 and 1.032 and
hence, cannot cause the observed deviations. However, the ratio of the unit cell vol-
umes yields a value of 1.052 which is very comparable to one of the scaling factors
chosen above. Thus, part of the deviations might be due to volume effects, however,
the strong deviations in the high energy range cannot be explained by them. Another
explanation would be that the theoretical data underestimate the bond strength of
several Sb-Se bonds. This is likely, as almost for all covalent Sb-Se bonds the predi-
cated bonds length are larger than expected from previous experiments [19].

A comparison of the total phonon density of states of Sb,Ses at different tempera-
tures (figure 5.41) shows a softening of all modes with increasing temperature. This
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FIGURE 5.41: Temperature-induced mode shifts in the total phonon
density of states of SbySes

clearly indicates that both, the covalent Sb-Se bonds and the Sb--Se interactions, be-
come weaker. This is expected as the increase of the thermal movement of the atoms
is correlated with a weakening of the chemical bonds.
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Conclusions

The general aim of this study was to understand the influence of high pressures,
low temperatures and composition-induced changes on the crystal structures and
the lattice dynamics of phase-change materials. Of particular interest is the effect
of these variations on the metavalent bonding. For this, two model systems have
been selected which are the GeSe,Te_, and Sb,Tes_,Se, solid solutions. In case of
the former system the effect of high pressure, low temperatures and variations of
the Se content on the structural features was studied by a combination of single-
crystal and powder diffraction experiments. The influence of low temperatures and
composition-induced changes on the lattice dynamics was studied on the example
of the SbyTes_,Se, solid solution using a combination of low-temperature heat ca-
pacity measurements and X-ray- and neutron-spectroscopic techniques.

The influence of low temperatures on the lattice parameter of GeSe,Te;_, com-
pounds was studied for the first time and for compounds from the stability field
of the rhombohedral GeTe-I phase (x=0, 0.2, 0.5) a negative thermal expansion along
the [001] direction was observed over the entire temperature range (25-300 K) which
is a very rare finding and a similar thermal behavior in binary chalcogenides was
observed only for the orthorhombic SnSe [133]. The magnitude of the negative ther-
mal expansion depends strongly on the Se content and the larger the Se content, the
more distorted is the unit cell with respect to the cubic phase. In contrast to this,
the [100] direction shows a positive thermal expansion and is hardly influenced by
variations of the Se content. Compounds from the stability field of the hexagonal
phase (x=0.75) show an exclusively positive thermal expansion along the [100] and
[001] direction which significantly differs from the rhombohedral compounds. This
is probably caused by the additional Ge--Ge and long-ranged Se/Te--Se/Te interac-
tions which are exclusively present in the crystal structure of the hexagonal phase.
For GeSe, all lattice parameter show a positive thermal expansion between 25-300 K,
where down to about 150K the [010] and [001] direction are affected by the tem-
perature in nearly the same way. Below 150K, the b lattice parameter shows larger
temperature-induced changes than the [001] direction. In a previous study [117] the
occurrence of new Raman modes below 150 K was reported, however, in this study
no evidence for a structural phase transition was observed and thus, our results do
not confirm the ones reported earlier. However, the results of this study support the
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observations of [118] who reported that the GeSe-I phase is stable down to at least
70K.

The high-pressure behavior of GeSe,Te;—_, (x=0, 0.2, 0.5, 0.75) mixed crystals was
studied and for the compounds from the stability of the GeTe-I phase (x=0, 0.2, 0.5)

the following high-pressure transition pathway was found:
GeTe-I (R3m)— GeTe-II (FCC)—GeTe-1II (Pnma)

In agreement with previous studies [119, 120, 79, 112, 121], for GeTe a phase tran-
sition from GeTe-I to a cubic GeTe-II phase was found. The observed hydrostatic
transition pressure of 4.2 GPa agrees with the value (3 GPa) reported in [79], whereas
it is significantly smaller than suggested (8 GPa) in [120]. In general, the transition
pressure increases with increasing Se content. For all mixed crystals, the phase tran-
sition is accompanied by a pronounced anomaly in the lattice parameter indicating
a first-order nature for this transition. In previous studies on GeTe [112, 120] this
was attributed to non-hydrostatic conditions in the DAC, however, all of our exper-
iments were performed under hydrostatic conditions and thus, we cannot confirm
the earlier conclusions. At higher pressure a further phase transition from the GeTe-
IT phase to the GeTe-III polymorph was observed. For all mixed crystals, the GeTe-1I
and GeTe-III polymorph coexist over a wide pressure range which was not reported
earlier. The coexistence of both phase indicates a first-order nature for this transition.
The transition pressure to the one-phase region of the GeTe-III phase decreases with
increasing Se content. Thus, the stability field of the GeTe-II polymorph becomes
smaller with increasing Se content. In this study, a new crystal structure was de-
termined for the GeTe-III phase and it was demonstrated that the structure models
reported earlier [79, 111] are erroneous. The newly determined GeTe-III structure is
isostructural to the one of B-GeSe and a [3+3+2] coordination around the Ge atoms
formed by three covalent Ge-Te bonds, three Ge:-Te interactions and two Ge:--Ge
contacts was found in both structures. Also the Te/Se atoms in both structures
show a similar [3+3+2] coordination which is formed by three covalent Te/Se-Ge
bonds, three Te/Se--Ge interactions and two groupVI--groupVI interactions. While
the GeTe-1II structure is composed by six-membered Ge-Te rings which are arranged
in the boat conformation, in GeTe-I the rings are arranged in the chair conformation.
Thus, the high-pressure transition pathway from GeTe-I to GeTe-III is accompanied
by an inversion of the ring conformation and the cubic polymorph can be considered
as an intermediate phase. It is noteworthy that a similar high-pressure transition

pathway was reported [129] for the GeSe-I to -GeSe transition:
GeSe-1 (Pnma)—; GeSe-II (R3m) — GeSe-1II (Fm3m)— B-GeSe (Pnma)

While the occurrence of a cubic high-pressure polymorph of GeSe phase was already
discussed in the literature [123], the relationship between the above-mentioned high-
pressure polymorphs and the Ccmm high-pressure phase reported in [124] is unclear
and thus, further high-pressure studies are necessary.
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The high-pressure behavior of the hexagonal GeSey 75Teg 25 was studied for the first
time and it was found that the compound is stable up to at least 23 GPa.

In general, a metavalent bonding scheme was only reported for chalcogenides with
a regular or a slightly distorted octahedral coordination of the group IV (Ge, Sn,
Pb) and group VI (Te) elements [5]. Based on this model, the GeTe-I and GeTe-
II polymorphs are expected to exhibit a metavalent bonding scheme, whereas or-
thorhombic GeTe-III and the hexagonal phase are proposed to be predominately co-
valently bonded [11, 9, 152, 5]. Both, the substitution of Te by the smaller Se as well
as the application of hydrostatic pressure leads to a reduction of the unit cell vol-
ume and favours the formation of additional Ge:-Ge interactions and long-ranged
groupVI--groupVI contacts in the system GeSe,Te;_,. These additional interactions
are limited to the GeTe-III polymorph and the hexagonal phase and thus, if there
is a metavalent bonding present in GeTe-I and GeTe-II then its collapse seems to be
correlated with the formation of these interactions. Following this idea, the GeSe-I
phase and B-GeSe would also not be metavalently bonded [152, 9, 5, 10].

The influence of low temperatures and composition-induced changes on the lattice
dynamics of the SbyTesz_,Se, system was studied for the first time. In agreement
with the literature [148, 146], low-temperature the heat capacity data suggest a lat-
tice hardening with increasing Se content and according to [148] this is correlated
with an increase of the bonding polarity. For the compounds from stability field of
the tetradymite structure type (x=0, 0.6, 1.2, 1.8) it was found that an anhamonicity
correction is mandatory for an accurate fitting of the heat capacity data, however,
the magnitude of this anharmonic contribution is much smaller than reported in the
literature [14, 147]. The low-temperature heat capacity calculated from inelastic neu-
tron scattering data underestimates the heat capacity determined from PPMS mea-
surements in the high-temperature range. As from the INS data only isochoric heat
capacity were derived, this is a further hint for the importance of the correction of
anharmonic contributions. The heat capacity data of Sb,Se; are significantly smaller
than the Petit-Dulong limit and thus, the compound is considered to be a harmonic
lattice oscillator. Surprisingly, the isochoric heat capacity data derived from the INS
data underestimates the one from the PPMS measurements which is believed to be
due to differences between the studied samples. While in previous studies [14, 147,
143] several low-temperature contributions (e. g. electronic contributions, Schottky
anomaly) to the low-temperature heat capacity were included for an accurate fitting,
in this study a reliable description of the heat capacity data was achieved with the
non-Debye model [56, 57] without including such contributions to the fit.

In agreement with the literature [14, 12, 140], three domains of vibrations have been
identified in the total and partial phonon density of states of the SbyTez_,Se, (x=0,
0.6, 1.2, 1.8) mixed crystals. The inelastic neutron scattering data show that there is
a pronounced hardening of all phonon modes with increasing Se content. This was
found at all investigated temperatures. In the high-energy range >25meV two ad-

ditional peaks were observed which show an unusual broadening with increasing
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temperature. These peaks are probably due to multi-phonon scattering processes,
however, further analysis is mandatory to understand their origin in more detail.
According to the literature [17], the metavalent bonding in the tetradymite struc-
ture type is presumed to be limited to the center of the -A2-Sb-A1-Sb-A2- quintuple
layers. This is, as the A2:-A2 interactions are believed not to be able to mediate
the metavalent bonding. In addition, while Te is believed to allow the formation of
metavalent bonding, Se tends to form covalent bonds [5, 3, 11] and thus, the Te/Se
exchange together with the preferred Se incorporation in the A1 site is believed to be
accompanied by a weakening of the metavalent bonding. According to this earlier
hypothesis, a change of the metavalent bonding character should be visible espe-
cially in the Sb-A1 modes.

However, a detailed analysis of the observed mode hardening by 12161 and ?5Te nu-
clear inelastic scattering experiments shows that in particular the bonding character
of the Sb-A2 bond at the periphery of the quintuple layers is changed significantly
when Se starts to occupy this site, whereas all composition-induced changes in the
energy range of the Sb-A1 modes are correlated with structural changes and there is
no evidence for a bonding change. Thus, the results of this study disagree with the
hypothesis from the literature.

The changes in the bonding character of the Sb-A2 bonds indicate that, if there is a
fingerprint for the weakening of the metavalent bonding visible in the lattice dynam-
ics, then it is correlated with this bonding. Also, the results of a detailed structure
analysis [139] have shown that especially the A2--A2 interactions are affected by the
Se content and obviously, these interactions are correlated with the Sb-A2 bonds.
However, as shown in [139] the changes in the A2--A2 interactions can be alterna-
tively explained by changes of bonding polarity inside the layers introduced by the
replacement of Te inside the layers by the more electronegative Se. Up to now, it
thus remains unclear whether the changes in the bonding character of the Sb-A2
bonds are a consequence of the changed bonding polarity or related to changes in
the metavalent bonding character.

Summarizing, the results of this study have clearly indicated that high-pressure and
composition-induced changes induce pronounced changes in the crystal structures
and the lattice dynamics of the investigated compounds which might be correlated
with a collapse (GeSe,Te;_) or a weakening (SboTes—,Sey) of the metavalent bond-
ing scheme.
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Outlook

The results of the low-temperature powder diffraction study on the compounds of
the system GeSe,Te;_ (x=0, 0.2, 0.5, 0.75, 1) have shown that low-temperature sin-
gle crystal diffraction experiments are mandatory to elucidate the thermal behavior
of the compounds and in particular the the role of the effect of the additional Ge--Ge
and groupVI--groupVI interactions.

Also for the compounds from the system Sb,Tes_,Se, low-temperature single crys-
tal diffraction data would allow a more detailed interpretation of the high-energy
peaks in the inelastic neutron scattering data. Although, it seems to be clear that
multi-phonon processes cause the additional peaks, it remains an open question
why the magnitude of these processes is limited by the Se content of the samples.
Low-temperature single crystal data together with theoretical analysis would allow
a first interpretation. In order to study the dependence of the multi-phonon scat-
tering from the phonon wave vector, single crystal inelastic neutron scattering ex-
periments would be considered. Moreover, low-temperature single crystal data of
these compounds would allow a more detailed interpretation of the role of the Sb-A2
bonds and the A2--A2 interactions on the lattice dynamics. Up to now, an interpre-
tation of the low-temperature NIS data was only performed on the basis of ambient
temperature single crystal data.

In this study, the Sb and Te partial phonon density of states of a-Sb,Tes (see section
5.2.5.2) were determined and in a previous study similar data were provided for
the high-pressure J-phase [153]. Similar information for the - and y-high-pressure
phase are missing. In order to close this gap, high-pressure nuclear inelastic scat-
tering experiments at the beamline P01 should be performed. Recently, a diamond
anvil cell for high-pressure nuclear inelastic scattering experiments was developed
and established at the beamline P01 [149] which allows high-pressure experiments
under non-hydrostatic conditions, so that these experiments are now feasible. For
the 1?°Te measurements a '2°Te enriched Sb,Te; sample is mandatory and would be
available [103, 105]. The results of our high-pressure study on Sb;Tesz (see section
5.2.3) allows to adjust a pressure which corresponds to the pure S-phase. One ex-
pects that the a- to B-Sb,Tes transition is accompanied with a collapse of the metava-
lent bonding. The metavalent bonding is believed to cause high Griineisen param-

eter which are significantly smaller for exclusively covalently bonded compounds
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[11]. Thus, the a- to B-Sb,Tes transition is expected to be accompanied by a pro-
nounced reduction of the Griineisen parameter. The phonon data of the y-phase
would help to understand the already known data of the é-polymorph in more de-
tail. As the crystal structures of -, v- and J-Sb,Tez were, up to now, derived from
powder diffraction experiments [77], a high-pressure single crystal study is manda-
tory to obtain a reliable and detailed characterization of the crystal structures, which
would be an important basis for the interpretation of the inelastic scattering data.
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Appendix A

Unit cell transformations

For all transformations performed in this thesis the relation shown in equation (A.1)
was used:
Gi=M"-G-M (A1)

Here, G; and G; are the metrical tensors (equation (A.2)) of the starting (j) and the
required (i) unit cell, the transformation matrix M describes the relation between the
lattice parameter of both unit cells, and M is the corresponding transposed matrix:

2

a a-b-cosy a-c-cosf
G=| a-b-cosy b? b-c-cosw (A.2)
a-c-cosp b-c-cosa c?

For the transformations performed in this study the following transformation matri-

ces have been used:

R3mH — R3mR and R3mR — R3mH:

2 1 1

Mgni =11 1 2 and MR — 1 T 1 1 (A.3)
11 1 T
3 3 3 011

R3mH — pseudo-cubic and pseudo-cubic— R3mH:

4 2 2 1
35 3 ; 01

MES: o = % % 4 and MRImH — 3 % 1 (A.4)
1 1 1 1
303 3 021
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R3mR — pseudo-cubic and pseudo-cubic— R3mR:

11
11 1 011
MiGe=| 11 1 and  MEMR=| 1 o 1 (A5)
C2/m, non-standard — C2/m, standard:
1 01
M=1010 (A.6)

0 01
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Nuclear inelastic scattering

B.1 !2Sb and '®Te Méssbauer spectroscopy

In figure B.1 the decay scheme of a ?1Sn containing source is shown. The ?1Sn
nucleus has two different decay channel, which are a B~ decay and an internal con-
version (denoted as IC). The 5~ decay has a probability of 22.4 % and results in the
formation of a '21Sb(7/2+) nucleus, which corresponds to an exited state of 12!Sb.
This nucleus decays under an emission of a y-quantum with a characteristic energy
of 37.13 keV into its 12'Sb(5/2+) ground state. By decaying through an internal con-
version 121"Sn(3/2+) decays to '2!Sn(3/2-) under an emission of X-ray fluorescence
followed by a decay into the 12!Sb(5/2+) ground state. At this point it has to be men-
tioned that the 121"'Sn decay is not the only way to reach the '21Sb(5/2+) ground state
and the decays of 12" Te and ?!Te end finally also in the formation of 2!Sb(5/2+)
[154, 155]. However, in practice, compounds containing 12lmgp e, g. 121mgn em-
bedded in a A?'SnO;3 (A=Ba [148], Ca [156]) matrix, are the most often used source
materials and hence, only the ?1Sn decay is discussed here. For 2Te Mossbauer

125Q
=273y Sb
1'.’11118[1 5/2+
3/247 t,,=439y .
772+
Other -
IC, 77.6 % B t,,=27 h decays
B,13 %
32 22.4 %
52+
125
=60 d
B, 100 % ——7/2+, t,,=3.46 ns
EC, 100 %
¥=37.13 keV 11/2- 2 4,,=58 d
— 5/2+, stable 3/2+ t1,=1.48 sec
121G v=35.49 keV
12+ — stable
125Te

FIGURE B.1: Decay scheme of a 121mgn 154, 155] (left), 12°Sb [157,

158] and 1221 [158, 159] (both right) source.

spectroscopy, compounds containing 2°Sb, e. g. 2°Sb enriched Pd,MnSb [157], or
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1257, e. g. 12°I/Cu [160], have been used as source and the corresponding %Sb [157,
158] and 2°1 [158, 159], respectively, decay scheme is shown in figure B.1. 12°Sb de-
cays with a probability of about 13 % via a B~ decay to the S = 11/2— state of ' Te.
This state decays over the instable S = 3/2+ state to the 12Te(1/2+) ground state.
Other exited % Te states result from further B~ decays of 2°Sb [157, 158]. 1°I decays
directly via an electron capture process to the instable 2Te(3/2+) state and, as men-
tioned above, this state decays to the stable 125Te(1/2+) ground state [158, 159].

The 37.13keV and 35.49 keV transition of 2!Sb and *Te can be used to measure
121gh and '%Te nuclear absorption spectra, from which finally the 2!Sb and *Te

(partial) phonon density of states, respectively, can be determined.

B.2 Resolution functions
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FIGURE B.2: Resolution function of the 121Sb NIS data of Sb,Tes.
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GeSe,Te;_, solid solution

C.1 Indexed powder patterns

C.11 GeSe,Te;_, (x=0,0.2, 0.5, 0.75, 1) mixed crystals
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FIGURE C.1: Powder patterns of the GeSe,Te;_, (x=0, 0.2, 0.5, 0.75,

1) samples.
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FIGURE C.2: Indexed powder pattern of GeSe between 15-60°20.
Lattice parameter as obtained from a Le Bail refinement are given.
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85°20@. Lattice parameter as obtained from a Le Bail refinement are
given.
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C.2 High-pressure powder patterns
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FIGURE C.4: Powder patterns obtained from a high-pressure study

on GeTe at representative pressures. Red, green, blue, black asterisks:

GeTe-1, GeTe-1I, GeTe-1II, Neon. Data obtained from the quenched

sample are denoted as "Quenched". Peaks of an unknown impurity
are marked by ?.
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FIGURE C.5: Powder patterns of GeTe at ambient pressure, 1.1 GPa, 20.6 GPa and of the quenched sample. Powder pattern of the
starting material which was not used for the high-pressure study ("after") showing the absence of the impurity phase.
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FIGURE C.6: Powder patterns obtained from the high-pressure study
on GeSeq 2 Teg g at representative pressures. Red: GeTe-l, green: GeTe-
II, blue: GeTe-III, asterisk: Neon.
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FIGURE C.7: Powder patterns obtained from the high-pressure study
on GeSeq 5Teg 5 at representative pressures. Red: GeTe-I, green: GeTe-
II, blue: GeTe-III, asterisk: Neon.
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FIGURE C.8: Powder patterns obtained from the high-pressure study
on GeSep 75Teq 25 at representative pressures. Neon peaks are marked
by asterisks.
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C.3 Indexing of the GeTe-III phase of GeSe(sTe 5
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FIGURE C.9: Powder patterns of the GeTe-III phase of GeSeq5Teq 5

at 18.8 GPa. Le Bail refinements on the experimental data were per-

formed using the GeTe-III structure determined in this study and the

previous structural models from the literature [111, 79]. Neon peaks
are marked by asterisks.
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C.4 Ge and Te/Se coordination in GeTe-III and S-GeSe
TABLE C.1: Ge coordination in GeTe-III and B-GeSe [128]. The dis-
tances between Ge and the neighboring atoms are given for both com-
pounds. GeTe-1III: bond f) represents the closest distance which does
not significantly contribute to the Ge coordination (see text).
GeTe-1II B-GeSe
Bond Type d(18.8GPa)/A Number | Bond Type d/A  Number
a Ge-Te 2.684(9) 1 a Ge-Se  2.5867(5) 2
b Ge-Te 2.746(7) 2 b Ge-Se  2.5876(5) 1
C Ge--Te 2.888(7) 2 C Ge--Se  3.2732(6) 2
d Ge--Ge 2.971(7) 2 d Ge--Se  3.2777(8) 1
e Ge:--Te 3.208(10) 1 e Ge--Ge 3.3743(7) 2
f Ge--Te 3.396(10) 1
TABLE C.2: Te/Se coordination in GeTe-IIIl and B-GeSe [128]. The dis-
tances between Te/Se and the neighboring atoms are given for both
compounds. GeTe-III: bond e) represents the closest distance which
does not significantly contribute to the Te coordination in GeTe-III
(see text).
GeTe-III B-GeSe
Bond Type d(18.8GPa)/ A Number | Bond Type d/A  Number
a Te-Ge 2.684(9) 1 a Se-Ge  2.5867(5) 2
b Te-Ge 2.746(7) 2 b Se-Ge 2.5876(5) 1
C Te--Ge 2.888(7) 2 C Se--Ge 3.2732(6) 2
d Te--Ge 3.208(10) 1 d Se--Ge 3.2777(8) 1
e Te--Ge 3.396(10) 1 e Se--Se  3.5861(6) 2
f Te--Te 3.507(4) 2
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Sb,Te;_,Se, solid solution

D.1 Debye temperatures

TABLE D.1: Debye temperatures of the SbyTe;_,Sey (x=0, 0.6,1.2,1.8,
3) mixed crystals determined from the low-temperature heat capacity
data (©p ppms) and derived from the inelastic neutron data (©p ns).

Sample Sby,Te; SbySepgTers SboSeirTe;g SboSeigTern  SbySes

Oprrvs / K 168.0(4)  1745(3) 181.3(4) 1825(4)  177.1(3)
Opms /K 160(3) 163(2) 175(2) 185(2) 233(3)

D.2 Low-temperature heat capacity

140 N " 1 " 1 " 1 " 1 " 1 . .. S .l .
SbaSeq.6Te2 4 . .0 0
1204 e —— .
— 100+ =
~

T_ 80 124 -
s :

= 607 Ein] i
~ —~
_ o>

Q 40 n

1204
201 200 220 240 260 280 300 |
Temperature / K
0 1 T T T T T T T T T T T T
0 50 100 150 200 250 300

Temperature / K

FIGURE D.1: The low-temperature heat capacity of the sample
SbySepTer 4. The data reported in the literature [147] (black dots)
are depicted for comparison.
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FIGURE D.3: The low-temperature heat capacity of the sample
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D.3 Indexed powder patterns
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FIGURE D.4: Indexed powder patterns of SbySe; between 10-30 (left)
and 30-48°20 (right). Lattice parameter as obtained from a Le Bail
refinement are given.



D.4. Temperature dependence of the lattice parameter 139

D.4 Temperature dependence of the lattice parameter
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D.5 Total phonon density of states

Acoustical
phonons

Sb-Tel Sb-Te2

Neutron weighted G(E)

——SbyTe3 I
——SbpSeq gTe 4|
——SbpSey 7Teq ||

—— SbpSeq gTeq 2|l

T=150 K|

° o
a.\.;q hY ,:’,.l.,::mn;@ )

LT TR o
et Resteria e bl

AW

20 25 30 35 40
E / meV

FIGURE D.6: Total phonon density of states of the SbyTe;_,Sey (x=0,
0.6, 1.2, 1.8) mixed crystals at 150 K.
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0.6, 1.2, 1.8) mixed crystals at 300 K.
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responding data of the empty can are shown.



142

Appendix D. Sb,Tes_,Sey solid solution

1 L N
%y 0
0.00060 - % e o
o v o %
S—’ Y \0 'Y e
A o e,
= o o %%
.S o 0%
2 0.00045 - . %
b= e o
<.E4 O,OOCQOO .\. ’o..
on d OQ L o
.S 0.00030 4 d 9 %
= d o) ‘
g J Oooo QQ ..'..
8 yeessY) O\O
%) e}
— 0.00015 - %
< Qo
° 200
o
0.00000 . —
10 15 20 25
E / meV

FIGURE D.10: Total scattering functions of the SbyTez_,Sey (x=0, 0.6,
1.2, 1.8, 3) mixed crystals measured at 300 K. For comparison the cor-
responding data of the empty can are shown.

D.7 Temperature-dependent mode shifts
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