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Abstract-Résumé

Structure and Dynamics of Ge-Se Liquids and Glasses
under Pressure

Among network forming glasses, chalcogenide glasses are of great importance not
only for their optoelectronic applications, but also for the network structure that dis-
plays enhanced structural variability due to the covalent bonding network. In this
project, we study the Ge-Se binary alloy as the target system in order to investigate
the structure and dynamics of the liquid and glassy phases under pressure by using
a combination of ab initio molecular dynamics (AIMD) simulations and X-ray scat-
tering experiments. The wide glass forming range of the Ge,Se;yy_x system allows
one to tune the stiffness of the network structure by increasing the mean coordina-
tion number with the Ge content which affects the macroscopic material properties
such as resistance to aging, hardness, conductivity, and fragility. In this respect, we
study 10 different AIMD generated and 5 experimentally produced (i.e melt quench-
ing) compositions spanning the flexible-to-rigid elastic phase transitions according to
Maxwell’s isostatic stability criterion. As for the liquid state, after having validated the
structural models by comparing the experimental findings available, we examine the
dynamics of Ge-Se melts at ambient pressure. The investigations on the diffusion co-
efficients and viscosity at 1050 K showed clear anomalies, departing from the expecta-
tion that atomic mobility should decrease as the system becomes more and more rigid.
Furthermore, the relaxation behavior at 1050 K also shows similar anomalies when in-
termediate scattering factors are examined at q vector corresponding to the principal
peak position of the total structure factor. To elucidate this anomaly, we discuss the ef-
fect of the topological constraints on the dynamics in liquid state. The results show that
the isostatic systems have slower dynamics as compared to flexible and stressed rigid
phases. Moreover, we speculate that the reason of this anomaly may originate from
the distribution of the topological bond bending constraints of the higher coordinated

species (i.e. Ge) results. In particular, the flexible, and stressed rigid compositions



showed a high variance in the Ge bond bending constraints whereas the isostatic com-
position forms a network in which the bond bending constraints are homogeneously
distributed. We link this behavior with a global fragility concept for network forming
liquids in such a way that fragility minima are obtained both by experimental find-
ings and the calculated fragility values of the AIMD generated compositions (i.e. VFT
or MYEGA fits) when scaled to the isostatic composition for a number of different
systems. As for the glassy phase, the AIMD generated structural models show good
agreement in both real and reciprocal space. The equation of state and normalized
stress-strain curves are compared to the available experiments in order to verify the
pressure behavior of the simulations. The results show a good agreement. In addition
to the simulations under pressure, we show results of X-ray absorption spectroscopy
(XAS) and X-ray diffraction (XRD) experiments under pressure. Both simulations and
the experiments show that there are no sign of crystallization during compression up
to 42 GPa. One of the main important finding is the evolution of the Ge-Se bond length
for the compositions studied. We observe a bond compression in the early stages of
densification in the phase identified as low density amorphous (LDA), which is fol-
lowed by an abrupt jump starting in pressures around 10-15 GPa, both in simulations
and experiments. Furthermore, a semiconductor to metal transition is identified with
the red shift in Ge K edge energy. The features of polyamorphism was also detected
from the pressure evolution of the principal peak position of the structure factor which
show two distinct slopes indicating different structural response to the applied pres-
sure. In order to have a deeper understanding of the densification mechanisms, we
apply neighbor analyses to our atomic trajectories and show that the tetrahedral to oc-
tahedral transformation (i.e LDA to HDA) starts to take place when the fifth and sixth
neighbors effectively become the part of first shell neighbors, where the bond angles
adapt themselves to 90° degrees. We furthermore speculate the effect of network rigid-
ity of the glasses at ambient conditions onto the kinetics of the amorphous-amorphous
transitions. It appears that the polyamorphic transitions are more sluggish as the net-
work rigidity (i.e Ge content) increases. Finally we show that there is a universal
threshold value in coordination change from LDA to HDA phases Ge Se;go—x (Where

x < 25) when scaled to reduced densities.

Keywords
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La Structure et la Dynamique des Liquids et des Verres
Chalcogénures sous Pression

Les verres de chalcogénure sont ont une grande importance dans des applications
optoélectroniques, mais aussi pour leur réseau covalent qui leur procure une “vari-
abilité structurale” accrue. Ce projet étudie des alliages Ge-Se et utilise ’association
d’analyses dynamique moléculaire (AIMD), de simulations et de diffusion des rayons
X afin de déterminer la structure et la dynamique des phases liquide et vitreuse sous
pression. Les alliages de Ge-Se permettent la “formation de verre” sur une large
gamme de conditions, ce qui permet de controler la rigidité du réseau en augmen-
tant le nombre moyen de coordination en fonction de la teneur en Ge ce qui affectera
les propriétés macroscopiques du matériau, comme la résistance au vieillissement, la
dureté, la conductivité et la fragilité. Dans cette optique, nous étudions 10 composi-
tions générées/calculées par AIMD, et 5 autres compositions déterminées expérimen-
talement (i.e par trempe ) couvrant les domaines transitions élastiques souple-rigide
suivant les critéres de stabilité isostatique de Maxwell. Dans le cas de I’état liquide, la
comparaison au préalable des données de la expérimentale permet de valider les mod-
eles structuraux, pour ensuite examiner la dynamique des liquides de Ge-Se & pression
ambiante. En partant du postulat que la mobilité atomique du systeme décroit en de-
venant plus rigide, 1’étude des coefficients de diffusion et de la viscosité a 1050 K a
montré des anomalies flagrantes. De plus, le comportement en relaxation a 1050 K a
révélé des déviations semblables lorsque les facteurs intermédiaires de diffusion sont
examinés avec un facteur q correspondant a la position du pic de référence de la struc-
ture factorielle. Afin d’expliciter cette anomalie, nous nous intéressions aux effets des
contraintes topologiques sur la dynamique a I'état liquide. Les systemes isostatiques
ont des dynamiques plus lentes par rapport aux phases rigides souples et sollicitées
. Nous supposons que cette anomalie puisse provenir des résultats de distribution
des contraintes topologiques de déformation des liaisons des especes les plus coor-
données (i.e Ge). En particulier, les compositions rigides souples et sollicitées mon-
trent une grande variabilité des contraintes de déformation des liaisons de Ge, alors
que la composition isostatique forme un réseau ot les contraintes de déformation des
chaines sont distribuées uniformément. Nous expliquons ce comportement par une
fragilité globale des liquides formant des réseaux. Nos constatations expérimentales
ainsi que les compositions générées par AIMD (i.e. VFT or MYEGA fits) appliquées
a différents systémes a composition isostatique ont permis de déterminer les minima

de fragilité. Les modeéles structuraux de la phase vitreuse, générés par AIMD concor-
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dent en espace réel comme en espace réciproque. Afin de vérifier le comportement
en pression de nos simulations, la concordance entre 1’équation d’état et les courbes
normalisées contrainte-déformation aux résultats connus a été vérifiée. Par ailleurs,
des mesures de spectroscopie d’absorption et de diffraction des rayons X (XAS, et
XRD respectivement) ont été réalisées sous pression. Ces mesures ainsi que les sim-
ulations ont montré qu’il n'y aucune trace de cristallisation pour des compressions
inférieures a 42 GPa. L'évolution de la longueur de la liaison Ge-Se pour les compo-
sitions étudiées constitue un des résultats majeurs de ces travaux. Dans les premiers
instants du phénomene de densification de la phase identifiée comme amorphe et de
faible densité (LDA), nous observons expérimentalement et par simulation une com-
pression de la liaison, suivie d"une hausse soudaine a des pressions entre 10 et 15 GPa.
De plus, une transition metal-semiconducteur est identifiée grace a “red shift in Ge K
edge energy ”. Un phénomeéne de polyamorphisme a aussi été décelé de 1’évolution
du pic de référence de la structure factorielle en fonction de la pression appliquée qui
montre l’existence de deux pentes distinctes. Afin de mieux comprendre le mécanisme
de densification, des analyses du plus proche voisin a nos trajectoires atomiques mon-
trent que des transformations dune conformation tetraédrique a une conformation
octaédrique (i.e. LDA to HDA) se produisent lorsque les cinquieme et sixieme plus
proches voisins deviennent partie intégrante de la premiére écorce voisine , lorsque
les liaisons se réorientent naturellement a 90°. Nous supposons aussi 1'existence d"un
effet de la rigidité du réseau vitreux en conditions ambiantes sur la cinétique des tran-
sitions amorphe-amorphe/polyamorphiques. Ces transitions sont plus molles lorsque
la rigidité du réseau augmente. (i.e. le taux de Ge). Enfin, nous montrons l'existence
d’un valeur maximale universelle dans le changement de coordination entre les phases
LDA et HDA Ge,Sejpo—x (o1t x < 25) lorsque les densités sont réduites.

Mots-clés

Ge-Se verres, AIMD, haute pression, EXAFS, XANES, CPMD, rigidité, contraintes
topologiques
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Chapter 1

General Introduction

Abstract

In this chapter, the fundamentals of glass formation in both thermo-
dynamic and kinetic aspects will be covered. A short description of
the topological constraints and its link with glass formation will be
provided. In the following sections, after touching briefly upon the
general features of chalcogenide glasses, the focus will be given to a
detailed structural description of Ge-Se glassy networks, the target sys-
tem of this thesis. Finally, one can find the thesis motivation and the

organization at the end of this chapter.

1.1 A Brief Overview of Glasses

The history of glass making traces back to an era around 3500 - 4000 B.C. in ancient
Egypt and Mesopotamia region [1]. The word glass was derived from a Latin word
meaning a transparent material. Albeit being more of a luxury product in the begin-
ning, glass-making techniques have been improved through years and glassy materi-
als have been used in many areas. Since then, examples can be followed from ancient
Roman products to medieval churches. In today’s world, glassy materials are used in
vast amount in everyday life for a large variety of purposes ranging from beverage

containers to high-technology optical fibers for communication.

The endeavors for understanding the nature of glasses have engaged many sci-
entists over the last hundred years. Even though many developments have been
achieved in understanding these materials, many issues still remain unsolved regard-

ing the structure and dynamics of glasses. Glasses are amorphous materials with lack

1



CHAPTER 1: GENERAL INTRODUCTION

of long range order in their atomic structure unlike crystals. The structure of glasses
has been shown to be very similar to that of the liquids by Zachariasen’s work in 1932
[2]. However, glasses exhibit various different short range structures, leading to many

diverse material properties.

1.2 Glass Formation

If a liquid in thermal equilibrium is cooled down to its melting temperature at cool-
ing rates high enough to avoid crystallization, it reaches an undercooled state with an
increase of its viscosity. At sufficiently fast cooling rates, the increased viscosity hin-
ders the atomic mobility that is required for structural rearrangements, and, results
in a decrease of the attachment frequency of the atoms in such a way that the critical
nuclei size for crystallization is no longer attainable. Upon further cooling of the un-
dercooled liquid, the viscosity continues to increase until a typical value at which the
liquid becomes a non-flowing rigid solid. This critical temperature is called the glass
transition temperature, 7,. Although there are number of different approaches to de-
fine the glass transition temperature, it is often defined as the temperature at which
viscosity becomes 10'? Pas. Another commonly used description of glass transition is

the value of the Deborah number which is given as;

t servation
D = -ebservation (1.2.1)

trelaxati(m

According to the above equation, when the observation time of flow [3] is much shorter
than the internal relaxation time, glass formation is favored [4} 5 6]. Therefore, a glass
structure is a frozen configuration of the undercooled liquid in which the ergodicity
(i.e. ability to visit all possible configurations at observable experimental time scales
[7]) is broken. In this respect, glasses are non-equilibrium materials and non-ergodic

thermo-systems having a frozen-in structure of the parent liquid phase.

Using basic hydrodynamics, the shear viscosity of a liquid can be described by
the product of the shear modulus, G, in the long wavelength limit and the shear

relaxation time, 7, as shown by Maxwell :

TG =1 (1.2.2)
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In an ordinary fluid such as water, the relaxation times are of the order of picosec-
onds. However, for a liquid that approaches its glass transition, typical relaxation
times are on the order of 1000 seconds [8]]. In this respect, the value of 7 is indicative
of the time required for a molecule to move over one inter-molecular distance. Yet,
the molecular motion in a liquid approaching to the glass transition is so slow that
the average velocities remain ineffective, thus, vibrational motion dominates. These
vibrations explore different energy minima in the configurational space before any
hopping or jumping could occur by a neighboring distance. The jumps that occur rep-
resent the elementary process contributing to the actual flow of the liquid. However,
these events are so rare at the glass temperature that the liquid appears as a solid on

the observation time scales.

Unlike crystallization that gives rise to changes in the first order in thermodynamic
quantities such as enthalpy H, entropy S, and specific volume V/, the glass transition
exhibits discontinuities in the second order quantities such as heat capacity, thermal
expansion coefficient, and isothermal compressibility. However, it was shown that
the glass transition can not be considered as a second order transformation due to
the deviation of the Prigiogine-Defay ratio which defines the jump of second order
thermodynamic quantities from unity [9,[10]. Earlier studies have shown that the glass
transition is governed by the arrested kinetics instead of a thermodynamic origin [11].
Notably, the cooling rate directly affects 7. Fig[I.1|illustrates the effect of the cooling

rate on glass transition temperatures.

In theory, any liquid can form a glass if cooled fast enough to bypass crystalliza-
tion, in other words, if the relaxation time is much larger than the observation time
(i.e. D << 1). However, liquids can be classified according to their glass forming ten-
dencies. As mentioned above, viscosity of undercooled liquids increases continuously
as the temperature is lowered as contrast to the sudden jump observed in the case of
a crystallization event. The temperature dependence of viscosity 7 varies for different
liquids, i.e. Arrhenius-like and non-Arrhenius-like behaviors. In the first category the
liquids are called strong and have higher GFA in contrast with the second category of
liquids which are called fragile and have low GFA. To asses the GFA of a liquid numer-
ically, a crucial parameter called fragility [13, [14] is used. Fragility, m, is a property of
glass forming melts defined by the temperature dependence of viscosity around the

glass transition temperature 7, and given by

_ Olog n(T, x)

m(z) —8(Tg(x)/T) e, (1.2.3)

3
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Figure 1.1: The changes in specific volume or enthalpy upon cooling from liquid state. Two
different cooling rates, a and b, result in different glass transition temperatures.

Adopted from [12].

Fragility is a unitless steepness index of viscosity as a function of inverse tempera-
ture scaled to T, /T. Materials having lower m values have higher GFA. Fig[T.2]shows
the viscosity dependence of different type of liquids.

It can be seen that the oxide glasses such as silica and germania exhibit a strong be-
havior while organic glasses prominently deviate from the Arrhenius relation. Strong
glasses usually have small jumps in heat capacity upon glass transition whereas fragile
(or sometimes called marginal) glass formers show much more sensible changes. The
origin of the changes in the heat capacity at the onset of the glass transition lies in the
c excess entropy. In 1948, Kauzmann mentioned the paradox that for glassy materials,
extrapolating the entropy difference between the liquid and the crystal phases (or the
most organized state of the system) leads zero entropy at finite temperatures above 0
K [16]. To overcome this unphysical picture, Kauzmann suggested a pseudo-critical
temperature below which there is no distinction between an undercooled liquid and
the glass itself. This temperature is called the Kauzmann temperature, Tx. About ten
years later, in 1958, Gibbs and Di Marzio suggested that in order to observe a phase
transition at the temperature 7%, the difference between configurational entropy of
the undercooled liquid and the entropy of the phonons of a crystal, that is called the
residual or excess entropy, should vanish [17]. Thus, the transformation manifests itself
with abrupt changes in the heat capacity along with a divergence of the relaxation time

which goes beyond the experimental observation times.

4
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Figure 1.2: T, scaled temperature dependence of viscosity showing Arrhenius (strong lig-
uids) and non-Arrhenius (fragile liquids) behavior of liquids upon cooling. The
inset shows the heat capacity change, AC,, for selected strong and fragile liquids.
Adopted from [15].

The correlation between the glass transition, relaxation, and fragility can also be ex-
pressed using a qualitative energy landscape approach [12]. Considering a potential
energy map as a function of particle coordinates, a glassy system, indeed, will fall into
a basin in the energy surface, which is the local minimum for a given configuration
of the glass. In the presence of a thermal activation such as annealing at temperatures
below 7}, the system displays excursions around the energy minimum. On the other
hand, at elevated temperatures, system has a relaxation mechanism that it is not sen-
sitive to the wells at the energy surface. The relation between the relaxation times and

vanishing of the excess entropy landscape paradigm are summarized in Fig|1.3|

In contrast to strong liquids which are generally composed of tetrahedral units with
iono-covalent bonds, non directional Coulomb and van der Waals interactions usually
lead to liquids with a more fragile behavior. [19]. Considering the energy landscape
approach, a fragile liquid has many degenerate minima with small thermal activation
barriers to move from one to another. In contrast, a strong liquid has comparably less
number of minima that are well separated with large energy barriers. Fig. illus-

trates the differences of energy landscape maps between strong and fragile liquids.

The most popular equation to describe the temperature dependence of the viscosity

of liquids that deviate from an Arrhenius behavior is the Vogel-Fulcher-Tamann (VFT)

5
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Figure 1.3: A summary of the main concepts in glass formation. a) the divergence in the re-
laxation times as reaching to the glass transition, b) the disappearance of the excess
entropy, ¢) energy minima in potential energy surface d) temperature dependence

of energy showing the amorphous megabasin at 7. Adopted from[18]

equation which is given by

Afz)
1 T,x) =10g Moo + 77—, 1.2.4
ogn(T, x) 0@7+T_%@) (1.2.4)
where T' is temperature, x is composition, 7., A, and T} are the constants. The
VFT equation has been used extensively for many systems and it has shown to be
successful in describing the temperature dependence of viscosity for a large number
of different systems. However, some reports indicated that at low temperatures, the

VFT equation fails to describe the viscous behavior of undercooled liquids [21)} 22].
Another approach for modeling viscosity is the Avramov-Milchev (AM) equation

7(z) } o (1.2.5)

log (T, 2) = log 1oe (@) + [ 1"

where 7., 7, and « are fitting parameters.



CHAPTER 1: GENERAL INTRODUCTION

FREE ENERGY LANDSCAPE
|

FRAGILE |
GLASS | STRONG

—
oy
e GLASS
L

>

{r}

Figure 1.4: Energy landscape representations of glassed quenched from a) fragile b) strong
liquids. Adopted from[20]

In a recent study, a new model was proposed for modeling the dynamics of viscous
liquids based on configuration entropy and atomic constraints which is called Mauro-
Yue-Ellison-Gupta-Allan (MYEGA) equation [23] (detailed information on constraints
will be given in the following sections of this chapter). Recalling the Adam-Gibbs

equation [24] which relates thermodynamic and kinetic aspects of the glass transition

B(x)

TSI (1.2.6)

log (T, z) = log 7ee() +

where B(z) is a fitting parameter related with the effective activation barrier and
Se(T, z) is the configuration entropy. It was shown that the latter term can be related
to the topological degrees of freedom f(T, z) (see section[I.3) per atom with the given

equation

Se(T,z) = f(T,x)NkIn €, (1.2.7)

where, f(T', x) is the number of degrees of freedom per atom, NN is the total number
of atoms, k is the Boltzmann constant, and (2 is the number of degenerate configura-
tions per floppy mode [25] (see section [I.3). Defining two parameters; K (x) which is
given by B(z)/3NkIn Q and C(x), which is a term defining the energy difference be-

tween intact and broken topological constraints, the three parameter MYEGA model

7
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Figure 1.5: Comparison of VFT, AM, and MYEGA models A) viscosity as a function of T

scaled temperature assuming m=60 and log 1, = -4. B) The Adam-Gibbs equation,

the AM equation diverges at the high temperature limit. C) VFT model assumes a

vanishing configurational entropy at low temperature limit. Reproduced from [23].
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is given as

log n(T, z) = logneo(x) + K:ij) exp (@) (1.2.8)

Incorporating the fragility term, the VFT equation becomes

(12 — log e )

1 T) =log ne + : 129
08 n(T) = log e + e T 0 — log ) (1.29)
the AM equation becomes
T m/(12_10g7700)

logn(T") = log 0 + (12 — log ) (%) (1.2.10)

and finally the MYEGA equation becomes

B T, m T,

logn(T') = log N + (12 — log 7o) 7 oxXP [(12 v 1) ( 7 )] (1.2.11)

Fig[1.5]shows the comparison of the viscosity models for different cases. The dif-
ferences of these three models are visible especially at high temperature and low tem-
perature limits. We can see that the AM model fails to describe the high temperature
configurational entropy variations whereas VFT function struggles with assessing the

correct configurational entropy at some finite temperature 7.

1.3 Topological Constraints and Rigidity

In the 19" century, Maxwell examined the mechanical structures consisting of bar and
node network. The essence of his stability criterion was based on constraint counting,
effectively deciding how many independent deformations could be associated to a
mechanical system without costing energy (i.e. zero frequency modes). The constraint
counting suggested by Maxwell relies on the estimation of the rank of a dynamical
matrix which gives the the number of floppy modes (zero frequency modes). The
floppy modes in a system can be given as the difference between the total number
of degrees of freedom (that is Nd, for N sites and d dimensions) and the number of
independent constraints, n.. A change in a dependent (redundant) constrain does not
affect the number of the floppy modes but induces a strengthening to the network that

cannot be accommodated unless the bonding distances and geometry are changed.

One can define the quantity f, that is the number of floppy modes per atom ob-

tained by the normalization through the total number of degrees of freedom (i.e. f =

9
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F/Nd). Therefore, for a three dimensional network the number of floppy modes per
atom can be given as;

f=3—-n (1.3.1)

The above equation indicates that a network will have an elastic phase transition from

a floppy to a constrained state as f reaches zero.

About a century later, Phillips applied this method on network glasses to provide
an insight of the glass forming ability. He built an analogy between the mechanical
structure having bars and nodes and the glass network structure which can be de-
scribed by stretching and bending interactions of bonds. In his work [26], he specu-
lates that for a liquid to form a glass, the covalent forces constraining the neighbors
with local bonding must be in a micro mechanical equilibrium. The glass forming abil-
ity is optimized when this mechanical equilibrium is reached via the equality of the
number of degrees of freedom and the number of constraints for atom (i.e n.=3 in three
dimensions) [27]. The rigidity theory was later made more rigorous by Thorpe[28] for
covalent systems in which local forces between neighbors are subject to small fluctua-

tions

V:%Nf+%@w (1.3.2)
where [ is the mean bond length and Al and A6 are the changes in the bond length
and the bond angle. /3 represents the bond-bending (BB) force while a represents the
bond-stretching (BS) term. In Thorpe’s work in 1983, he examined Ge,As,Se;_,_,
compound, where Ge, As, and Se are 4, 3, and 2 fold coordinated atoms, the coordina-
tion number bieng noted r. Assuming that there is no space for isolated pieces in the

system nor a surface, the total number of atoms is;
4
N=>n, (1.3.3)
r=2

Thus, the mean coordination number can be defined as;

4
dorn,

(ry="—=24+22+2 (1.3.4)

>Ny
r=2

The implementation of the Maxwell constraint counting method to covalent networks

suggested by Thorpe is as follows ; for each r fold coordinated atom, the number of

10
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bond stretching and bending constraints are equal to r/2 and 2r — 3, respectively [8].

Thus, the total number of constraints is

N
Yonglr/242r — 3]
ne =" —— : (1.3.5)
>,
r=2
Finally, combining with the equatio we have
F=6- g<r>. (1.3.6)

Solving the above equation results in an optimally rigid (i.e isostatic) network at (r) =
2.4, where the number of degrees of freedom is equal to the number of constraints per
atom. Thus, a network is said to be flexible or rigid depending on whether (r) of the
network is below or above the threshold value of 2.4, respectively. Philips showed
that among chalcogenide liquids, the compositions at the mean coordination number
(r) are the optimum glass-formers [26]. Since the network is stress-free at (r) = 2.4, the
resulting glass is not as far from thermodynamic equilibrium as compared to its crystal
counterpart. In addition to this, albeit being stress free, the network is still rigid which
prevents the excursions in different configurations as compared to a flexible system.
As a results, due to both thermodynamic and kinetic results, liquids, whose resulting

glasses have (r) = 2.4, possess higher glass forming tendencies.

— ' '
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Figure 1.6: Elastic modulus of three network glasses as a function of the average coordination
number. the inset shows the average number of zero-frequency modes of the three
glasses compared to the line that represents the prediction by the mean field theory.
Adopted from [29].

This threshold value of rigidity percolation has been shown to be related with

many material properties (including fragility, elastic constants, hardness, fracture tough-

11
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ness, and electrical conductivity) not only for glasses but also for proteins and struc-
tural materials such as binding phases of concrete [? ? ? 30,31} 32]. The link between
the network rigidity and macroscopic properties of network glasses can be used as a
design criterion. For example, the Gorilla®©Glass 3 designed by the Corning company
can be seen as one of the major contributions of rigidity theory to the design of new
materials with specific properties, the atomic scale modeling from constraints being

used to establish the composition before anything was experimentally cast.

During a long period, the topological constraints and their link with material prop-
erties have been shown to reflect a single threshold. However, this single threshold
behavior was challenged recently with the observation of surprising features using
various experimental techniques such as temperature modulated differential scanning
calorimetry (MDSC), Raman, and Mossbauer spectroscopy in oxide and chalcogenide
glasses [33, 34, 35| 36]. The experiments showed the existence of a finite mean coordi-
nation number region where the glass is isostatic instead of a single threshol. Many
intriguing material properties such as weak aging [37,38]], low internal stress [39] and
space-filling tendencies [40, 41] emerge. Since this region lies between flexible and
rigid phases of a network, it is often called the intermediate phase (IP) or sometimes
referred as the reversibility window given its detection from calorimetry. One of the
most common feature of the IP is indeed the vanishing of the non-reversing enthalpy
at the glass transition observed by MDSC (Fig[l.7) In a standard DSC, the heat flow
(AQ/AT) is measured through heating a sample simultaneously with a reference at
the same heating rate (AT/At). It is important to note that the heating rate affects the

results in T, measurements performed by conventional DSC.

Fortunately, improvement to this issue can be circumvented by MDSC which is
a complementary method to DSC in such a way that the heat flow is deconvoluted
into reversing and non-reversing components. The former follows the temperature
variations and measures the heat capacity C), while the latter monitors the irreversible
kinetic processes around the glass transition, 7,. Therefore, the MDSC-measured T,
is nearly free of kinetic effects [42]. In this respect, MDSC gives an access to more

detailed information on the slow dynamic processes occurring near 7, [43].

The observation of the IP have been a controversial since its discovery. The debate
on this issue has mostly raised from the MDSC measurements, especially the incorpo-
ration of the non-reversing heat flow with the reversibility window, regardless of the
fingerprints of this phase tracked by other conventional methods such as Raman scat-

tering (FigJ1.8). Contradictory results have been reported even for the same systems

12
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[44]. However, it was also reported that there are important criteria to be met for ob-
serving the IP. In particular, sample homogeneity [45, 46, 47], especially when it comes
to aging, and dryness [48] have been shown to affect the observation of the IP. Fig[1.9)

illustrates the importance of the duration of melt homogenization prior to quenching.
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Figure 1.7: The composition dependence of non-reversing heat flow AH,, and molar vol-
ume in Ge,Sejgo—» glasses showing the intermediate phase can be defined between

x=20-26 %. Adopted from [49].
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Figure 1.8: Raman mode frequencies for a) corner-sharing (CS) and b) edge sharing (ES) tetra-
hedra as a function of Ge composition in Ge,Sejgo—,. The CS frequencies remain
nearly constant in the IP region while ES frequencies show an abrupt increase, de-

viating from the linear behavior observed in the flexible region. Adopted from [50].
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Figure 1.9: Fourier Transform Raman profiles of vitreous Gej9Seg; collected at 9 different
points from the quenched glass rod showing the effect of melt homogenization
time at a) 6h b) 24h c) 96h d) 168h. Adopted from [45].
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1.4 Chalcogenide Glasses

Chalcogenide glasses (CGs) consist of a base chalcogen element such as S, Se, and
T belonging to VI-A subgroup of the periodic table, alloyed with electropositive ele-
ments or with organic radicals. The word chalcogenide is derived from a combina-
tion of the following Greek words: “copper”, “born”, and “type”, since the very first
chalcogenide minerals that were found to contain copper along with S, Se, and Te [51]].
Among inorganic glasses, chalcogenide glasses constitutes an important class due to
their technological applications in wide range of areas such as bio-sensors [52} 53} 54]
and night vision [55, 56] cameras, electric switches, microelectronic for infrared de-
vices [57,58]]. The first commercially synthesized chalcogenide glass was As,Ss, pro-
duced by Servo Corporation in 1957 for a bulk optical component in mid-IR range [59].
This composition is the most studied system in CGs due to its remarkable IR transmis-
sion, high GFA, and resistance to chemicals [60]. Soon after this, the idea of having Se
as the base glass former came into play and allowed the synthesis of compounds such
as As-Se, P-Se, and Ge-Se. In the following twenty years, many S and Se based glasses

were produced along with Se-Te glasses which were used commercially [61)} 62].

A variety of different techniques are used in the preparation of CGs. These glasses
can be produced in bulk, fibre or film forms. The most commonly used method is
the quenching technique with the use of rapid cooling from a liquid which is kept in
a protective atmosphere within a quartz ampule. Other frequently used preparation
methods include splat cooling, sputtering, chemical vapor deposition, glow discharge

decomposition, and thermal evaporation techniques [63].

Table 1.1: Comparison of some physical properties of selected glass families. Reproduced

from [63].
Glass Phonon energy Transmission Refractive
cm™! energy ym index
Chalcogenide 330-380 0.5-10.0 2.3-27
Fluoride 440-650 0.25-6.50 1.52
HMO 590-850 0.4-7.0 2.65

As opposed to their oxide counterparts, the heavy chalcogen elements in chalco-
genide glasses allow low phonon energy which makes them good candidates for sen-
sor applications. CGs are amorphous semiconductors having a band gap of 1-3 eV. In
this respect, Te based CGs possess the widest whereas S based CGs possess the small-

est band gap. As for their optical properties, there are a number of distinct photo-
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induced phenomena that take place in CGs. These phenomena can be divided into
two sub groups; heat-mode and photon-mode, respectively. One of the most inter-
esting photon-mode phenomena is photo-darkening [64, 165]. This effect occurs when
sample illumination causes red shift in the optical absorption edge and therefore the
sample becomes darker. Other photo-induced phenomena are explained in detail in

the references [66), 63] and therein.

Structural properties of CGs are characterized through the short range order (SRO)
and intermediate range ordering (IRO) as for the case of other glassy materials due
to lack of long range ordering in the amorphous nature of these materials. The two
fold coordinated chalcogenide elements provide flexibility to these semiconducting
glasses. Although for some CGs the SRO resembles to its crystal counterpart with
slight distortion such as in As,Se; [67]. However, binary CGs having Ge as the alloying

element contradict this behavior[68].

1.4.1 Germanium Selenide Glasses

Ge,Se;_ glasses hold an important place among CGs not only for being a good start-
ing material for optoelectronic applications, but also for serving as an archetypical sys-
tem for studying covalently bonded networks [69]. In contrast to to their oxide coun-
terparts, a considerable amount of homopolar bonds exist in the structure of these
glasses, enhancing the structural variability [70]. The binary Ge,Seio_, system ex-
hibits a wide glass forming range (0 < x < 0.43 [Z1] ) that allows the tuning of the
topological properties linked with short and intermediate range atomic ordering pro-
vided by the stiffening of the network structure [72]. With the increasing Ge content,
the system becomes more rigid and exhibits three elastic phases within the glass form-
ing region; flexible, isostatic, and stressed rigid (Fig. . As Ge atoms adopt a 4 fold
coordination while Se atoms have 2 neighbors, the average coordination number of
Ge,Se1go—. glasses is given by (r) = 2 + 2z, and at x = 20% corresponding to (r) = 2.4
the rigidity percolation occurs. As mentioned above, it was reported that Ge,Se;_y
glasses feature an IP between 20 < z < 26% [45]50]. The inter-atomic forces in this
system can be tuned to a significant level by changing composition, temperature or
pressure [73]. Therefore, by altering the average coordination number, the network
properties can be controlled. The main building blocks of the network in Ge-Se glasses
are GeSe, tetrahedra, which are connected either by edges or corners [74, 75, 76] (Fig.
[1.10). A prototype material is GeSe,, the most studied compound within the Ge-Se sys-

tem, where the network consists of edge and corner sharing GeSe, tetrahedra along
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Table 1.2: Inter-atomic distances, coordination numbers and densities of different Ge-Se com-
pounds at different temperatures measured by neutron diffraction studies. Repro-
duced from [73].

System o (A~ r/r, @ TCC) pA3
-GeSe  2.66(2) 237 5.8(4) 1000(3) 0.0456(3)
-GeSe  2.52(2) 1.452 3.5(3) 727(2) 0.0387(2)
-GeSe, s 241(2) 1618 28(2) 728(3) 0.0336(2)
-GeSe,  2.38(2) 1.609 2.6(1) 784(3) 0.0311(2)
¢-GeSe;; 237(2) 1616 281(5) 26(1) 0.0341(1)
¢-GeSe,  2.35(2) 1.647 2.69(5) 26(1)  0.0334(1)
¢-GeSe;  2.35(2) 1.609 251(5) 26(1)  0.0339(1)
g-GeSe,  2.34(2) 1.583 2.44(6) 26(1) 0.0339(1)

C

-

-
-
St

Figure 1.10: Schematics of structural units and possible network connections in GeySej_x

glasses. Adopted from [49].

with a substantial amount of Ge-Ge and Se-Se homopolar bonds ( [75] and therein). In
GeSey, the IRO results from the network structure and manifests itself by an internal
tirst sharp diffraction peak (FSDP) in the diffraction pattern around ~ 1 A-!. Anin-
spection of Fig[1.11]shows that the FSDP gradually decreases as the Ge concentration
is lowered and eventually vanishes for pure Se. Another interesting feature that is ab-
sent pure Se is the shoulder peak at k = 7 A ~', which may be related with network

rigidity, as it was suggested for the GeSe, system under pressure [77].
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Figure 1.11: Bhatia-Thornton number-number structure factor for different Ge,Se;_« along
with Se glasses at room temperature measured using neutron diffraction.
Adopted from [73].

1.4.2 Effects of Pressure on Glassy Ge,Se;_,

Pressure-induced phase transformations have also attracted widespread interest in the
condensed matter science community, both in crystalline and non-crystalline solids.
The atomic rearrangements that occur at different length scales induced at high pres-
sure have been observed to affect the macroscopic level material characteristics such
as elastic and optical properties. Analogous to the polymorphism observed and well
studied in crystalline materials, the existence of metastable configurations in an amor-
phous system is called polyamorphism [78]. The amorphous-amorphous transforma-
tions (AATs) have been detected in a variety of systems including oxide and chalco-
genide glasses [76,77,[79| 180,181,182, 183], amorphous Si [84] and Ge [85] and even vitre-
ous H,O [86]. AATs have been often observed in systems having directional bonding

and low coordination numbers, such as tetrahedrally bonded systems that allow for a
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Figure 1.12: The total structure factor for GeSe; at different pressures measured by high en-
ergy X-ray diffraction. The dashed lines corresponds to the Fourier transforms of

the total pair distribution functions. Adopted from [76].

large free volume in the system. More recently this phenomenon was also identified
in a binary metallic glass [87]. The AATs can occur either in a sharp manner as in case
of amorphous Si, or more gradually, as observed in oxide glasses, depending on the

governing kinetics of the transition.

In contrast to the number of studies carried out for AATs of the oxide glasses,
relatively fewer investigations have been reported for semiconducting chalcogenide
glasses except the stoichiometric glass GeSe,. This particular composition has been
studied under pressure by means of X-ray and neutron diffraction, Raman scattering
as well as acoustic measurements [76} 83,75, 139]. The X-ray diffraction results showed
a gradual decrease in the height FSDP with increasing pressure before it vanishes (Fig.
[1.12), which can be seen as an indicative of a breakdown in the intermediate range
order. In addition, the position of the principal peak shifts towards higher ¢ vectors.
Acoustic measurements of GeSe, under pressure showed a minimum observed in the
shear-wave velocity, associated anomalous behavior in Poisson’s ratio, along with dis-
continuities. This was related to the rigidity minimum occuring due to two competing
densification mechanisms. This finding was recently confirmed by a direct volumetric

study on a set of chalcogenide glasses including GeSe; under pressure [88]. In this
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work, the relaxation rate for GeSe; showed a pronounced maximum compared to the
non-stoichiometric compounds at around 3.5-4.5 GPa, which was reported to be an

indication of the existence of several active mechanisms for structural relaxation.

34% edge sharing in
normal rigid glass

Q9
Q Q

Edge to corner <3GPa Continuous increase in
—» Flexible network coordination — Rigid network

Figure 1.13: Densification mechanisms suggested by acoustic measurements in GeSe;.Se

atoms are shown in orange an Ge atoms in blue. Adopted from [83].

In another study carried out with a combination of neutron diffraction and ab initio
Molecular Dynamics (AIMD) simulations on the high pressure behavior of of GeSe,, a
conversion from edge- to corner-sharing tetrahedra was reported (Fig. along with
a continuous increase in the coordination number up to 8.5 GPa [89]. Furthermore, it
was suggested that the homopolar bonds play a mediating role in the appearance of
higher coordinated Ge polyhedra. This suggestion was speculated to be a signature
for materials having homopolar bonds in which the fragility is promoted by the ES
motifs [89, [75]. Another remark for this study is the deviation in the coordination
numbers between the AIMD calculated and diffraction results at larger pressures. The
discrepancy between simulations and the experiments was associated with the ther-
mal history of the simulations (see section [2.5|for details). Recently, an EXAFS study
has shown a semiconductor to metal transition between 10-15 GPa accompanied with
a profound increase in the coordination number and Ge-Se distances [90]. Similar
observations have been reported for GeS, under pressure in earlier EXAFS experi-
ments [91] and atomic simulations [92] (see section for details of atomic modeling
of Ge-Se system). Another interesting composition in Ge-Se glasses is GeSe, since it is
located at the rigidity percolation threshold. It was shown that during compression,

unlike the continuous coordination increase observed in the stoichiometric compound
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Figure 1.14: Specific volume relaxation of GeSe; at different pressures. The orange curve cor-
responds to the relaxation for GeS,. The inset provides the pressure dependence

of relaxation rate on different Ge-Se glasses. Reproduced from [88].

GeSe,, the coordination number remains constant up to 8.6 GPa [93]. A more recent
study suggests a transition from a low density amorphous semiconductor to a high
density metallic amorphous between 10 and 15 GPa using X-ray diffraction (XRD)

and electrical conductivity measurements [77].
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Figure 1.16: Electricial resistivity of glassy GeSe, under pressure. The inset shows the varia-
tion of the resistivity with reciprocal of pressure, showing a threshold around ~
11 GPa. Reproduced from [77].
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Figure 1.15: X-ray absorption spectroscopy results of GeSe; under pressure. The panels show
the pressure dependencies of various properties (in descending order), band gap
energy, Ge-Se distance, Debye Waller factor, and coordination number of Ge-Se.

Reproduced from [90].

Additional evidence for a semiconductor to metal transition in GeSe; under pres-
sure was given recently using a combination of neutron diffraction and ab initio sim-
ulations [94]. That work confirmed that the average coordination number shows no
significant changes up to ~ 8 GPa and a that non-negligible fractions 5-fold Ge and
3-fold Se appear around 13 GPa. Nevertheless, some contradictory results with [77]
were reported in the mean coordination number and Ge-Se distances. In Ref [94],
these discrepancies were attributed to the differences in atomic models (in Ref. [77] ;

empirical potential structural refinement and in ref [94] AIMD simulations were used).
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Figure 1.17: The pressure dependence of (a) the mean nearest neighbor distance 7 as mea-
sured in (i) the X-ray diffraction work of Skinner et al. [93] [(blue) solid circles
with vertical error bars] and Kalkan et al. [77] [(magenta) open squares], (ii)
the neutron diffraction work [(black) solid squares with error bars], and (iii) as
calculated by ab initio Molecular Dynamics (AIMD) simulations [solid (green)
curve]; (b) the mean coordination number 7 as measured in (i) the X-ray diffrac-
tion work of Skinner et al. [93]] (blue) solid circles with vertical error bars] and
Kalkan et al. [77] [(magenta) open squares], (ii) the present neutron diffraction
work [(black) solid squares with error bars], and (iii) as calculated by AIMD [solid
(green) curve], where the latter is broken down into its contributions from ng.
[(red) upward-pointing triangles] and ng. [(magenta) downward-pointing trian-
gles]; and (c) the AIMD results for the fractions of Ge [(black) open circles] and
Se [(red) open squares)] atoms involved in homopolar bonds, and the fractions
of Ge atoms involved in corner-sharing [(green) leftward-pointing triangles] and
edge-sharing [(blue) rightward-pointing triangles] tetrahedra. Reproduced from
[94].
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1.5 Motivations and Thesis Organization

Despite the experimental findings and simulations carried out regarding the pressure-
induced structural changes in Ges3Seg; and GeyoSeg) glasses, a complete understand-
ing of the underlying densification mechanisms leading to the AATs in Ge,Se;_ glasses
is still lacking. Therefore, the motivation of this study is to cover a set of different
compounds and investigate the structural and dynamic evolution under a combined
change in composition and pressure. The main objective of this work is to provide, in-
deed, a comprehensive link between composition, pressure, and structural rigidity in
Ge,Se;_ glasses using a combination of density functional theory (DFT) based molec-
ular dynamics simulations, i.e. ab initio molecular dynamics (AIMD), X-ray diffraction

(XRD), and X-ray absorption spectroscopy (XAS).

Indeed, glasses are so-called frozen-in liquids, and as it was mentioned earlier in
this chapter, the molecular rigidity has a pronounced effect on the fragility of glass
forming melts. For this reason, another goal of this study is to investigate the struc-
tural and dynamical properties of Ge-Se melts with detailed AIMD based composi-
tional analyses before discussing the pressure effects on the glassy Ge,Se;_«. In this
respect, this chapter covers a brief background information regarding the thermody-
namic and kinetic aspects of glass formation, fragility, network rigidity and topological
constraints, a brief overview of the chalcogenide glasses, and finally recent studies on

the Ge-Se system.

In the next chapter [2, we will present the reasons of adopting AIMD for this the-
sis along with a quick review on the DFT. Furthermore, this chapter also includes a
summary of the selected accomplishments in the atomic simulations of Ge-Se system.
In the last part of Chapter [2, the details of the postprocessing of our simulations are

given.

The experimental details of this thesis work in chapter (3| In particular, XAS theory,
details of experimentation, and data reduction is explained along with brief descrip-
tions of the other techniques used such as XRD and energy dispersive X-ray spectrum
(EDXS).

In Chapter 4, we examine liquid Ge-Se using AIMD simulations. We discuss the
dynamic anomalies, especially in viscosity and diffusivity which naturally affect the
fragility of these liquids. A global link between topological constraints and fragility
concept is provided which applies not only to the Ge-Se system but other network

forming liquids. In Chapter 5, we report on pressure induced structural modifica-
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tions in vitreous Ge,Sejpo—x (Where 10 < x < 25) investigated using a combination of
XAS, XRD and AIMD simulations. Our results show a polyamorphic transition from
a tetrahedral to an octahedral phase for all the studied compounds accompanied with
a semiconductor to metal transition under pressure. .the densification mechanisms
are studied by examining neighbor distances and angle distributions under pressure.
Chapter [f] focuses on vitreous GeySesy which is located at the rigidity percolation
threshold. After having validated our AIMD simulations with experimental data over
a broad pressure range, we show that the onset of polyamorphism is strongly related
to network rigidity. We identify a parameter P, which indicates the pressure at which
the amorphous-amorphous transitions takes place. The composition dependence of
this parameter shows that there is a direct correlation between ambient pressure con-

nectivity of a tetrahedrally coordinated system with the polyamorphic transitions.

Finally, concluding remarks of and possible future directions for the subject of this

study are given in Chapter[7]
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Chapter 2

Theory

Abstract

In this chapter, an overview to the theoretical framework of the atomic
simulations that were performed in order to investigate the structure
and dynamics of Ge-Se liquids and glasses under pressure is given.
The first section consists of the early history the density functional the-
ory (DFT), and the main concepts of electronic structure. Subsequently,
the derivation of the DFT along with important approximations in its
use are given systematically. Finally, in the last section of this chapter,
the Car-Parrinello Molecular Dynamics (CPMD) method and its essen-

tial features are briefly explained.

2.1 Density Functional Theory

211 Why Using the DFT Scheme ?

Atomic scale simulations have been used extensively over the last couple of decades
to investigate materials properties in many different disciplines. Understanding the
atomic scale properties of many body systems and linking them with macroscopic
materials properties to be used in technological applications requires accurate and re-
alistic descriptions of the models. Depending on the system in questions, specific input
parameters, adequate system sizes, and convenient approximations are key factors in

performing robust atomic scale simulations.

Classical molecular dynamics (CMD) has been proven to be a remarkable method

for the description of a variety of systems [95]. In CMD, after having selected the
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specific ensemble of particles, one needs a description for the interaction between par-
ticles such as a classical inter-atomic potential having attractive and repulsive parts,
which does not explicitly depend on the electronic structure of the system in ques-
tion. With the use of these potentials, the forces acting on the interacting particles are
calculated and the atoms are moved according to the Newton’s law of motion using
selected discrete time step. This is followed by the recalculation of the forces with the

new positions of the particles after they are moved.

It is of paramount importance to note that the choice of the starting potentials has a
strong effect on the accuracy of the model. There are a number of different parameters
and fitting procedures that have been introduced to develop inter-atomic potentials for
different organic and inorganic systems. Therefore, the success of CMD simulations
relies on the accurate description of the bonding nature of the system in question. In
particular, systems having large differences in electronegativity can be described with
classic Coulomb charges due to the charge separation of the species. Oxide glasses
and liquids are examples of systems for which the CMD yields accurate descriptions
[96,197,098]. However, CMD fails to reproduce some structural features of chalcogenide
glasses due to the similarities in electronegativities. Notably, the first CMD simula-
tions of Ge-Se system reported by Vashista on GeSe, showed limitations in reproduc-
ing the Ge-Ge and Se-Se homopolar bondings which are shown experimentally with
neutron diffraction [99, [70]. In the following years, Mauro and Varshneya tackled this
issue using a new set of interatomic-potentials fitted to produced two and three body
interactions using a ab-initio data. Even though some fraction of the Se-Se homopolar
bonds were reproduced, this approach could not lead to the generation of Ge-Ge ho-
mopolar bonds [100]. Therefore, once can concluded that in order to perform accurate
simulations of chalcogenide glasses having weak differences in electronegativity, and
in particular Ge-Se system, the electronic structure has to be taken into account for a
better description of the complex atomic interactions and to obtain a more realistic rep-
resentation of the structural and dynamic properties. For this reason, the theoretical

part of this thesis was solely built on the DFT based atomic simulations.

2.1.2 Historical Overview

In the early 20th century, quantum mechanics grew by leaps and bounds after the dis-
covery of electrons by J. J. Thompson in 1897. Many scientist in the first three decades
of this century studied the atomic structure (in which electrons and nuclei that are in

continuous interaction with each other) of matter in order to understand the behavior
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of matter. Particularly in 1926, Erwin Schrodinger described the electronic wave be-
havior after the wave nature of the electrons had been suggested. Subsequently, the
model suggested by Thomas and Fermi [101) [102] laid the base to the density func-
tional theory (DFT). The importance of this model lies in the fact that it is the first
theory that used the electron density as the fundamental variable to compute the elec-
tronic structure of an atom even though the model itself was too inaccurate. In the
following years, Dirac contributed to this model with an additional exchange term
[103]. In spite of Dirac’s contribution, the inaccuracy remained and it was only in the
mid sixties that Hohenberg, Kohn and Sham formulated the DFT rigorously[104), 105].
Since then, DFT has become a powerful tool to calculate the ground state properties
of an atomic system in condensed matter physics, using a certain number approxima-
tions. Today, DFT is widely used in many different research fields to calculate inter-
acting many-body problem and is becoming even more popular with the continuous
rise in the performance of computer simulations. In the following sections, a brief step

wise derivation of the DFT is provided.

2.1.3 Many-Body Equations

The behavior of an atomic system that consists of interacting electrons and nuclei can

be shown in the form of a many-body Hamiltonian

-2 2mev ZQ_MIVI

2 ZIZJ
erz R, Z|r—m Z\Rz R, @11

I£J

where m, accounts for the electron mass, M; and I represent the mass and charge of
the nuclei while r; and R; are the positions of the electrons and nuclei, respectively.
The first two terms in the Hamiltonian are the kinetic energy of the electrons and
that of the ions. The remaining terms represent the interactions between electron-ion,
electron-electron and ion-ion in the order of appearance. Therefore, equation can

be written in a more compact form
H =T.(r) + Ven(r,R) + Vee(r) + T (R) 4+ Vv (R) (21.2)

where T and V stand for the kinetic energy and the potential formed due to particle
interactions, respectively. Due to the large mass difference between electrons and ions,
it is convenient to consider the nuclei as being stationary in comparison with the elec-

trons. Therefore, we can assume that the electrons instantaneously locate themselves
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adiabatically in the rearranged positions of nuclei. As a result, the kinetic energy term
for nuclei, Tv(R), can be neglected in the Hamiltonian. This simplifies the problem

down to
H, =T.(r) + Vo (r,R) + Vi (1) (2.1.3)

where H. is the electronic part of the Hamiltonian, V,,; is the external ion-electron
potential and V;,,; is the internal electron-electron potential. The separation of ionic and

electronic motion is called the Born-Oppenheimer(BO) or the adiabatic approximation.

2.1.4 The Schrodinger Equation and Many-Body Wavefunction

The time-independent Schrodinger equation is used to describe the quantum mechan-
ics of the interacting particles. Within the BO approximation, the electronic Hamilto-
nian in equation that accounts for the energy of a system can be converted to an
eigenvalue-problem using the non-relativistic Schrodinger equation that satisfies the

Pauli exclusion principle as follows
HV =g ¥ (2.14)

where VU is the many-body electron wavefunction and ¢, is the eigen value. One can
interpret the many-body wavefunction as the probability amplitude of finding an elec-
tron in a given position. Thus for a system containing N electrons, one can show that

N electrons exist with unit probability as :

/|@D(r1,r2,r3 ..... ry)drirors....ry =1 (2.1.5)

Therefore the total number of electrons can be found using the single particle density,

no(n), with integration over entire space in the following form;

/no(r)dr =N (2.1.6)

2.1.5 Hohenberg and Kohn Theorem

Although neglecting the electron-phonon coupling using BO approximation provides
considerable simplification of the Hamiltonian, it is still impossible to solve equation
due to the large number of electrons in an atomic system (i.e. 10?*). This is
where the Hohenberg-Kohn (HK) formalism [104] becomes useful. The essence of

their approach is to describe an interacting many-body system with the ground state
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particle density n(r) instead of using many-body wavefunction.The theory suggests
an energy functional denoted as E[n(r)] that is strictly a function of the ground state

electron density n(r),
Eln(r)] = / Ven(r)dr + Fln(r) 2.17)

where V., is the external electrostatic potential caused by the nuclei as appears in
equation The HK theorem implies that if one is able to find the correct ground
state density of a system, then it is possible to determine its properties. The universal
energy functional £[n(r)]| can be expressed as a function of a particular electron density
and at a given external potential, V.,;. The ground state electron density yields the
global minimum of the universal energy functional. Furthermore, we have a new
variation functional appearing in the HK theorem. In the work of Hohenberg and
Kohn [104] the electron density was set to be v-representable, which means that for a
certain local potential, n(r) must be the ground state density. Within the next two
decades this functional was reconstructed for N-representable densities in a Levy-Lieb
form [106, 107, [108]

Fin(r)] = min < Y|T + Vi |V > (2.1.8)

in which the minimum is calculated over all the arbitrary anti-symmetric wavefunc-
tion that leads to the n(r). Nevertheless the variation functional F[n(r)] is not known.
Therefore HK theorem could only be used to calculate the electronic energies if the

exact form of this variation functional was known.

2.1.6 Kohn-Sham Formalism

A year after the HK theory was published, Kohn and Sham reformulated the HK for-
malism in order the tackle the issue of the variation functional F'[n(r)] being unknown.
The main idea of the ansatz is to assume the ground state density of electrons of the an
interacting system under consideration to be equal to that of a non-interacting system
[105]. This assumption reduces the complexity of the many-body problem to a great
deal so that one can treat the electrons of a system that does not interact. Therefore, the

variation functional is defined as
F[n(r)] = Tyln(r)] + Eg[n(r)] + Ein(r)] (2.1.9)

where Tj[n(r)] represents the kinetic energy of the auxiliary non-interacting system
while Ey[n(r)] stands for the classical Coulomb potential of the electrons (also re-

garded as Hartree potential) and finally is the exchange-correlation energy E,. of the
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electrons that also includes the energy difference between the kinetic energy of the
auxiliary system and the original system under consideration. Thus one can express

the KS energy functional as follows:
Excsn(r)] = To[n(r)] + / n(r) {an(r)%VH [n(r)]| d’r + Ez[n(r)]  (21.10)

The kinetic energy term and the terms in the integral can be calculated whereas proper
approximations must be performed for the last term which stands for the exchange-
correlation energy that remains unknown. On the other hand, it was shown that the
kinetic energy of the electrons of the auxiliary system may constitute a crucial part of
the kinetic energy of in the Hamiltonian of an interacting system [109]. From
one can write :

dEksn(r)] _ 0To[n(r)]
on(r) on(r)

dEyc[n(r)]
on(r)

+ Vear(r) + Vi (r) + (2.1.11)

Taking a step further, an effective potential V,;/(r) that incorporates the external
and Hartree effects along with the exchange correlation effects of the other electrons
can be provided as follows;

dEye[n(r)]

Verg(F) = Veu(£) + Vi) + =52 5

(2.1.12)

The above equation can be solved through a set of single-particle Schrodinger wave
equations of the non-interacting particles with the use of the variation principle [109]
satisfying the conservation of the total number particles, and leads to the KS single-

particle eigen-value equation,

{%Vz + ‘/eff(r):| Yi(r) = eihi(r) (21.13)

The DFT ground state of an atomic system can be calculated by solving the above
equation for single particles. It should be noted that the single particles do not corre-
spond to the electrons of the original system but should be considered as the auxiliary
particles. The equation should be solved self consistently, that is iterating the single
particle states until the density of the original interacting system n(r) is equal to the
density of non-interacting system n*(r). The charge density that is used in the itera-

tions can be expressed as
n(r) = [gi(r)? (2.1.14)

However, the exact form of the E,.[n(r)] is not known. Some approximations are un-
avoidable to solve[2.1.13| which are briefly pointed out in the next section.
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2.2 Practical Approximations

Over the past 50 years many approximations have been introduced for the exchange-
correlation functional in the DFT scheme proposed by Kohn and Sham. In fact the very
first approximation was suggested in the original paper in 1965 [105] which was devel-
oped further within 2 decades[110], based on local electronic density approximation
(LDA). In the following years, a number of different functional including generalized
gradient approach (GGA) [111], meta-GGA [112], hybrid functionals [113] and opti-
mized effective potentials [114] have been proposed. In the following subsections the
two most commonly used approximations for exchange-correlation functional will be

given.

2.2.1 Local Density Approximation

The LDA is the simplest, yet one of the most appealing approximation for tackling the
issue of unknown exchange-correlation potential. This approximation assumes that at
any position in space the exchange-correlation function of a single particle is equal to
that of the homogeneous electron gas, ignoring the spatial dependence of density (i.e.
exchange-correlation is purely local). Therefore, the spatial variations in the electron
density are not taken into account. The exchange correlation of the homogeneous

electron gas is given by

eEDA(r) = € (r)[n(r)] (2.2.1)

ELPA (p)] = / n(r)eEPA (1) dr (222)

The exchange part of the homogeneous gas can be calculated analytically through a
Hartree-Fock method while the correlation part is obtained using Quantum Monte-
Carlo simulations [115]. Despite the fact that it is a very straightforward approxima-
tion, LDA provides impressively good results for certain quantities such as lattice ge-
ometries and vibrational properties, especially for the materials in which the electronic
density varies weakly with the position. However LDA method is not reliable when
it comes to binding energies or band gaps of materials due to over-binding which un-

derestimates the results as compared to experimental data.
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2.2.2 Generalized Gradient Approximation

In the GGA method, the exchange correlation functional ESS4[n(r)] is expressed via

the rate of change of the particle density, Vn.

ECGA[(1)] = / n(r)es[n(r), Vn(r)|dr (223)

In this form, the spatial gradient improvement of the functional leads to having a num-
ber of different possibilities of expressing the exchange-correlation term. Therefore, a
variety of functionals have been proposed. The choice of the appropriate functional is
essential according to the system under consideration. Some of the most widely used
functionals are the Perdew-Burke-Erzenhof (PBE) [116] Perdew-Wang (PW)[117] and
Becke’s exchange and Lee, Yang and Parr correlation therefore, BLYP [118]119].

2.2.3 Plane-Wave Basis Set

In order to solve the KS many-body problem mapped onto a singe-particle problem
one needs to overcome the issue of infinite number of auxiliary (non-interacting) elec-
trons within a potential. In other words, a wavefunction must be calculated for an
infinite number of electrons which expands throughout the entire system. One can
express the wave function within a periodic system using the Bloch’s theorem as fol-

lows:
ih; = elilerlfitr) (2.2.4)

where k is a reciprocal vector. In the plane-wave expansion, one has the wave function
expanded at each k point in a defined basis-set. Therefore, the above Bloch function

can be rewritten in the following form
1 )
Y= —= Z Cz’,k+G€Z(k+G)'r (2.2.5)
\/ﬁ G

where G is the reciprocal space vector and (2 is the volume of the repeated cell. Prin-
cipally, as stated above, an infinite number of plane waves are required to expand the
wave functions over the entire system. Yet in practice, the plane-wave expansion can
be truncated at a cut-off value E,,; which defines the maximum kinetic energy within

the basis set shown below,
h

Indeed, the smaller the selected E., the smaller the computational effort, but this

reduces the accuracy of the calculation. In practice, cut-off energy should be increased
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until the total energy has converged, which could be done by a series of iterations or

simulations.

2.2.4 Pseudopotentials

A rather large cut-off energy is required in order to take the high kinetic interactions
between core and valence electrons into account, meaning a selection of a higher G
vector to expand plane waves which in turn costs more computation time. The core
electrons are highly localized due to their tight binding to nuclei, yielding steep os-
cillations in the wavefunctions around the core region. Yet the physical properties
of a solid are governed mostly by the valence electrons is that the fast oscillations of
the core region can be approximated. Therefore, the core electrons can be treated as
"frozen" with respect to their effect on the material properties, and the ionic (the highly
oscillated core region) potential that requires a high cut-off energy can be replaced by
a pseudopotential which accounts for a unified potential between core and valence elec-

trons and yield to a lower cut-off energy with good accuracy.

A number of different sorts of pseudopotentials are available in the literature (ultra-
soft, atomic, empirical etc.). In this thesis, norm-conserving Troullier-Martins type
pseudopotentials are used [120]. In the original work, four general conditions are
imposed for constructing a norm conserving pseudopotential. Firstly, there must be
no nodes in the pseudowavefunctions since any wiggling in the core region due to
a node would deteriorate the smoothness. The second requirement to meet is that
beyond a selected cut-off distance, ., the normalized atomic radial pseudo wavefunc-
tion should be equal to the normalized all electron wave function having an angular
momentum, [. Thirdly, the charge enclosed below the cut-off radius should be equal

as described below:
/\RZPP(T)]Qerr :/]RIAE(T)]QTQCZT (2.2.7)
0 0

where RPP and R represent the pseudo wave and all electron wave function. Finally
the eigen values of the pseudowavefunctions and all electrons wavefunctions must be

equal.
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2.3 Ab initio Molecular Dynamics

The ground state DFT calculations can be combined with molecular dynamics simu-
lations which is a method that is based on computing the time dependent behavior
of N-body atomic or molecular systems. These type of calculations are referred as ab
initio molecular dynamics (AIMD). AIMD computer simulations has become a very
powerful tool for studying condensed matter science within the last couple of decades
and this success is particularly coupled with the continuous development of computer
performances. The main idea behind AIMD simulation is: initially solving the elec-
tronic structure using DFT for each time step and then finding the forces acting to each
atom in the system with the use of the Hellman-Feynman theorem;

_ 9En(r)]

F =
oR

(2.3.1)

where F is the force, F is the energy, R is the ionic position and n(r) is the ground state
density. After the forces acting on ions are calculated, the atoms are moved according
to Newton’s equation of motion from time ¢ to time ¢ + dt. In this thesis, the equation

of motion of atoms were integrated using the Verlet algorithm [121]:
x(t + 0t) = 22(t) — z(t — 6t) + 6%i(t) (2.3.2)

where z is position, ¢ is time, and ¢ is the time step for the integration in the simula-
tion. One of the most widely used methods in AIMD is the Born-Oppenheimer molec-
ular (BOMD) dynamics. As mentioned earlier in this chapter, the BO approximation
is basically the separation of electronic and nuclear parts due to the large difference in
their mass. Therefore in the BOMD method, in each time step, first the ground state
electronic structure of the stationary nuclei are calculated and the nuclei are displaced
according to the forces acting on them. The energy minimization is carried out by
diagonalization of the Hamiltonian. Although the BOMD methods are widely used,
one major drawback is that at each time step, the electronic state of the system should
be brought down to the ground state for recalculation prior to the next time step and
this requires increased simulation time. In this thesis, an alternative MD method to

overcome this time constraint is used, i.e. the Car-Parrinello dynamics (CPMD) [122].

2.3.1 Car-Parrinello Molecular Dynamics

The main advantage of CPMD, requiring no self-consistent solution of KS equations

at each time step, relies on the fact that the electronic ground state energy calculations
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are performed only once in the very first step and the wavefunctions are evolved from
the initial ground state. In other words, the initial calculation of the ground state
electronic orbitals can have a finite thickness that allows variations in the solution of
the KS equations along with the evolving time. In contrast to the BOMD method in
which the electronic structure calculation is carried out with stationary ions, CPMD
method allows the coupled electronic orbitals and ionic movement, via a Lagrangian

given by :

L= “Z/ [ifdr + % > MR} — E[(¥), (R)
+ Z Aij < / i () (r)dr — 5i,j) (2.3.3)

where ; are the electronic orbitals, R; and A/; are the ionic positions and masses,
dot stands for the time derivative A are Lagrangian multipliers introduced for con-
straining the orthonormality, and 1 is the fictitious electron mass. Thus, the equations
of motions that consist of the real motion of nuclei and the fictitious electronic motion

can be given as follows:

- OF
p(r,t) = R ) ++ ; Ai j;(r, t) (2.3.4)
, and
. OF

The understanding of the fictitious mass parameter 4 is of a special importance in
the CPMD method. One should be careful choosing a value for this parameter, as the
adiabaticity between the two degrees of freedom has to be satisfied. To keep the wave-
functions very close to the BO surface any possible energy exchange between electrons
and ions should be prevented. A smaller . signifies higher frequencies that result in
a decrease in the time step. On the other hand, an overestimation of this parameter
causes departure from the BO surface. Generally u is of the order of 10%-10° m, to
ensure slowing down of the electron dynamics while keeping the time steps consider-
ably shorter than that of BOMD method. The optimum conditions for adiabaticity are

met when minimum electron frequencies are substantially larger than the maximum
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ion frequencies. In systems with a finite band gap energies, the minimum electron

frequencies can be expressed as:

_ E.. 1/2

Wi~ (ﬂ) (2.3.6)
v

, Where E,, is the electronic band gap. Indeed, the simulations of system having no

gap between conduction and valence bands is troublesome with CPMD method. Nev-

ertheless, this problem could be overcome overcome by using different thermostats

for each degrees of freedom for the case of aluminum [123]].

2.4 Our Simulations

In this thesis, CPMD simulations are used for investigating the structure and dynam-
ics of liquid and vitreous Ge,Se;_ for various compositions (where x=0.10, 0.143,
0.17, 0.18, 0.20, 0.21, 0.22, 0.23, 0.25 and 0.33), and under pressure. As embedded
in the CPMD code, we have utilized a DFT scheme to describe the electronic struc-
ture that evolves self-consistently with time. For exchange correlation energies, the
BLYP-GGA approach was used. The Trouller-Martins type pseudopotential approxi-
mation is adopted. Our simulations were carried out in NVT ensembles (i.e. number
of atoms, volume and temperature of the system are kept constant with a total of 250
atoms. The cell dimensions are determined according to the experimental densities
available in the literature [46], or to their extrapolations which will be discussed in the
following chapters [124]. The initial positions of the atoms were taken from the GeSe
crystal and Ge atoms are replaced with Se atoms depending on the composition in
question. The wavefunctions have been expanded at the I' point of the supercell on a
plane-wave basis set having a cut-off energy of 20 Ry. A time step of At=0.1 fs is used
to integrate equations of motion using the Verlet algorithm implemented in CPMD
code. The fictitious electron mass was selected as 200 a.u. ensuring the adiabaticity.
All compositions are heated to 2000 K and kept there for 22 ps to lose memory of ini-
tial positions. Subsequently, a number of different temperatures were visited before
thermalizing the glassy structure at 300 K. Figure [2.1| shows the cooling sequence of

our CPMD simulations.

Since glasses are thermodynamically metastable materials, it is of crucial impor-
tance to verify the final structure of the glassy state after cooling down to room tem-

perature due to the fact that different energy basins could be reached depending on
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Figure 2.1: The cooling regime for obtaining glassy Ge,Se;_, with AIMD simulations. 1050 K

represents the quenching point from the lowest liquid temperature attained.

the atomic configurations prior to quenching. Therefore, three independent quenches
with 1050 K being the starting temperature were performed in order to have a statis-
tical average of the 300 K trajectories. Fig. a) shows the importance of averaging
the structure over different quenching as reflected to the Ge-Ge partial pair distribu-
tion function gg._c.(r). The first peak represents the Ge-Ge homopolar bonding as an
example to which is given in the snapshot. These quenches are obtained with 2-4 ps
difference from one another at 1050 K, thus having different atomic positions/energies
before the temperature is lowered to 800 K, in other words, when the atomic motion
starts to freeze). This leads to a diversity in bonding at 300 K. Particularly, Ge-Ge cor-
relations are the most sensitive and show large differences between various quenches.
This is not only due to their limited number in cells containing 250 atoms for Ge defi-
cient compositions but also due to the fact that the system finds different basins in the

potential energy diagram once quenched to a local minimum (Fig. 2.2]b).

In order to study AIMD generated glasses under pressure, the cell sizes were de-
creased under NVT conditions and the cell pressure were calculated from the average
of the stress tensors through the useful parts of the trajectories (i.e. first 4 ps of 300
K trajectories were removed). The most energetically stable structure among the indi-

vidual quenches were used to apply compression. It is important to emphasize that
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Figure 2.2: a) Ge-Ge partial pair distribution of GezsSe7g at 300 K obtained by 3 quenches from
1050 K. The snapshot represents the Ge-Ge homopolar bonding where green atoms
are Ge and yellow atoms are Se. b) Schematic Potential energy of a glass, defining

basins, transition states, and minima. Adapted from [12] .

the compression of the cells were achieved in two ways: either annealed or cold com-
pressed. In the former, the cells were compressed at 600K for 40 ps which was then
followed by another 40 ps run at 300 K (within this method, a partial relaxation of the
atomic structure was possible). In the latter, the compressions were directly performed
at 300 K and pressure was increased using the last configurations of the previous pres-

sure simulation. In this situation, glassy relaxation was reduced to its minimum.

2.5 Atomic Scale Simulations of Ge,Se;_,

Having built the framework of the DFT based atomic simulations, in this section,
an overview to the important theoretical achievements on the AIMD modeling of

Ge,Se;_y system will be given.

The first DFT based study on Ge-Se system was reported in 1995 [125]. In this work,
the vibrational properties of glassy GeSe,, the most studied composition of Ge-Se sys-
tem, were investigated in a 63-atom model and compared to the experimental findings.
The LDA scheme was used to describe the exchange-correlation energy. However, it
was a non-self-consistent scheme in the sense that the electronic density of this system
was approximated by a set of wave functions which were super-positioned around
isolated atoms. The calculated vibrational density of states were in line with the ex-
perimental findings (Fig. [2.3). However, this work did not provide an understand-

ing of the origin of the structural and the dynamic features that were observed. The
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Figure 2.3: Calculated vibrational density of states (solid curve) for glassy GeSe; are compared

to the experimental data (open circles). Adapted from [125] .

same authors contributed using the same theoretical model for an increased size (216
atoms) in glassy and liquid GeSe,, showing some improvement in the structure [126].
In this work, the emphasis was given on the intermediate range order (IRO) and the
electronic density of states, providing a discussion on the origin of the photo-induced

phenomena observed in the glassy state (see section[1.4).

In 1998, the first self-consistent AIMD calculations were reported, again on the
structure of liquid GeSe; [127]. Even though the improved description of the chemical
bonding increased the agreement with the experimental findings,better models were
still needed (Fig. 2.5). As the authors stated:

“This structural model is, nevertheless, still insufficient to explain the physical ori-
gin of the FSDP in the S¢¢ structure factor observed observed in the experiment. This
defines an important open issue in the physics of disordered network-forming mate-

rials.”

The issue of the absence of FSDP calculated with LDA was visited in different stud-
ies in the following years [128},[129]. In these contributions, Massobrio and co-workers
compared LDA and PW-GGA schemes and showed that the choice of the exchange
correlation functional was of special importance in the reproduction of the structure
of liquid GeSe,. The calculated structure factors using LDA and PW-GGA approaches
were compared to the neutron diffraction experiments. The results showed that the
(FSDP) in the Faber-Ziman structure factor of liquid GeSe; was successfully repro-
duced with the PW-GGA scheme. It was shown that the GGA approach gave a better
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Figure 2.5: Calculated Bhatia-Thornton structure factors for liquid GeSes (solid lines) com-

pared to experiment (dots with error bars). Adapted from [127] .
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account on the ionicity of thy system reflected by the depletion of the charge density
around the Ge sites and thus a larger accumulation around the Se atoms [128]. The
lack of FSDP in the structure factor in LDA approach was correlated with the number
of GeSe, tetrahedra, the main motifs in Ge-Se systems, due to comparable percentages
of two, three, four, and five fold Ge environments [128]. These structural units were
reproduced using PW-GGA functional thus giving a better agreement of the structure
factor with the neutron diffraction data (Fig. [2.6). Although the GGA approach led to
a better description of the short and the intermediate range ordering in liquid GeSe,
over the LDA approach, the PW-GGA scheme still showed some deviations in the
Ge-Ge correlations and the inter-atomic distances when compared to the experiment.
This was attributed to the overestimation of the charge delocalization of the valence
electrons along the bonds, in other words an overestimation of the metallic character.
Therefore, the residual differences in Ge-Ge correlations exhibiting a less structured
form as compared to experiments were argued to be the reason of the absence of the

FSDP in the concentration concentration structure factor, Sc¢, in the PW-GGA scheme.

In the following years, apart from GeSe,, there were other contributions on the
atomic simulations of Ge-Se system for different compositions such as GeSe, GeSe;.
After the success of the GGA approach over LDA, a next step to improve the accuracy
of the simulations, in particular tackling the issue of assessing an accurate description
of Ge-Ge correlations was achieved in 2009 [130]. The use of another GGA functional
was proposed to overcome the difficulties faced with PW-GGA. In this published
work, a BLYP functional was used as an alternative approach to PW. The authors chose

to use BLYP given that this functional was giving better outcomes on properties such
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Figure 2.7: Contour plots of the electronic charge density for a tagged Se-Ge-Se trimer in liquid
GeSe2 calculated using LDA (upper left) and GGA (upper right) approaches in
atomic units. The lower panel shows the difference plot (GGA-LDA). Adapted

from [128] .

as equilibrium geometries and vibrational frequencies [131]. In addition, the motiva-
tion of using BLYP functionals was due to the anticipation of a localized behavior of
the electron density at the expense of the electronic delocalization effects that favor the
metallic character, therefore casting a better picture for the Ge bonding environments
as compared to PW (Fig. 2.7).

Using the same method with the previous study [129] (DFT with PW-GGA having
120 atoms at 1050 K) but this time with BLYP functional instead of PW showed some
improvements in the structure of liquid GeSe,. The BLYP approach made it possible
to have a better accuracy in the short range order parameters such as coordination
numbers, Ge-Ge correlations, tetrahedrality, and bond angle distributions over PW
(Fig. 2.8). Increased tetrahedrality with better defined bond angle distribution (more
symmetric around 109.5 ° for Se-Ge-Se) and were more accurate coordination num-
bers were obtained. The Ge-Ge correlations exhibited a better defined minimum for
homopolar bonds as detected from the partial pair correlations Ge-Ge. Even though
they were overestimated as compared to the experimental, they were better than those
attained with the PW scheme, as expected. It was reported that due to the increased

tetrahedrality, the diffusion coefficients were lower in the case of BLYP scheme. How-
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Figure 2.8: Ge-Se-Ge (upper) and Se-Ge-Se (lower) Bond angle distributions of liquid GeSes
with BLYP (black) and PW (red) schemes. Adapted from [130] .

ever, weak improvements were reported for the reciprocal space properties and the
issue of intermediate range ordering remained somewhat unclear. Nevertheless, this
work showed that the DFT models with the BLYP scheme yield better description of
the structure of liquid GeSe,. The same theoretical framework was used to study the
effect of the BLYP functional on amorphous GeSe; [132,[133] and improvements of the

short and intermediate range order were also reported in these studies.

Table 2.1: Calculated coordination numbers with PW and BLYP schemes compared to neutron
diffraction experiment [70]. Note the bimodal distribution in the Ge-Se-Ge due to
ES and CS contribution. Reproduced from [130].

NGe NnSe n

BLYP 3.77+£0.02 2114+0.02 2.66 4+ 0.02
PW 3.80+£0.02 2254+0.02 277 4+0.02
Experiment 3.75+03 198+0.15 2.77£0.20

Following the developments in the description of GeSe, with the use of the BLYP
scheme, a step further at that time was to test the effect of system size. The same BLYP
scheme used for 120 atoms was compared to a larger ensemble containing 480 atoms
[134]. It was reported that the computation time was 10 times longer for the latter. This

worked showed no drastic changes in the main features of the network. Nevertheless,
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increased chemical order in the short range and a slightly more accurate results in the

small q wave-vectors of the structure factors were obtained.

In the same year, a note reported on the effect of residual pressure on the structure
of glassy GeSe; using the same 120 atom BLYP DFT framework [135]. In this study, the
authors compared the previous results with the extensively relaxed structures having
less than 0.1 GPa internal stress within the simulation cells. The total simulation time
was more than 500 ps at different temperatures. It was reported that lowering the
residual pressure gives better agreement with the experiments, particularly for the

partial coordination numbers and Scc (k).
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Figure 2.9: Partial Bhatia-Thornton structure factors calculated with 120 atoms (black) and
480 atoms (red) are compared experimental results (open circles). The right panels

zoom to the low wave vector region of the spectrum. Adapted from [134].

Turning back from the theoretical studies on GeSe, to other compositions in the
Ge-Se system, it is convenient to start with the stoichiometric compound GeSe. Un-
like the complex bonding in GeSe,, GeSe is rather more straightforward to describe in
such a way that the structure factor does not exhibit the FSDP, which was argued to be

correlated with the intermediate range order IRO [74], in contrast to what is observed
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in GeSe,. Therefore, the local structure of the system is sufficient to describe the bond-
ing nature. In early 2000, the liquid structure and dynamics of GeSe was investigated
using DFT based molecular dynamics simulations [136, [137]. In these studies, it was
reported that the structure consists of GeSe; and SeGe; units. Even though the recip-
rocal space properties compared well with the experiments, some discrepancies were
reported in the pair distribution functions. About a decade after, the structure of GeSe
liquid was revisited with the use of three different exchange-correlation functionals;
PWO1, PBE, and BLYP [138]. In this study, the BLYP scheme showed a higher number

of tetrahedra with better account on Ge-Ge, which in turn resulted in lower diffusion

coefficients (Fig. [2.10).
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Figure 2.10: Comparison of calculated diffusion coefficients of liquid GeSe (Se and Ge species)
using BLYP, PBE, and PW schemes. Adapted from [138].

Another interesting composition is GeSe, due to the fact that the network is opti-
mally rigid (i.e. isostatic composition). The liquid structure of this composition was
studied in 1998 [139]. The FSDP structure factor was well reproduced showing the
IRO correlations. It was reported that the microstructure consists of GeSe, tetrahe-
dra interconnected with Se chains or atoms. As for the IRO connections, nearly an
equal amount of edge and corner sharing tetrahedral units were observed (49% and
51%), respectively). In the following years, glassy structure of GeSe, was compared to
SiSe, using both AIMD and neutron diffraction [140]. The real and reciprocal space
properties gave a satisfactory reproduction of experimental structural features, S(k)
and ¢(r). The authors argued that the ES and CS connections of tetrahedra form three
distinct motifs, and give giving rise to structural variability in Ge,Se;_x and Si,Se;_,
systems. A more recent study compared the ab initio calculated nuclear magnetic reso-

nance (NMR) chemical shifts of GeSe, and GeSe, with the experimental counterparts
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Figure 2.11: Calculated NMR chemical shifts in GeSe; (upper) and GeSe, (lower) compared
to experiment. Adapted from [141]].

[141]. This study showed contradictions with the earlier proposed phase separation
theory [44] of the GeSe, network in which the system consists of GeSe, motifs and
chains of Se. However, the results showed 20% of Se atoms are connected in Se-Se-Ge

form, enhancing the cross linking of Se-Se-Se chains and Ge-Se-Ge tetrahedral units.

A complementary study using PBE and PW functionals confirmed the coexistence
of GeSe, tetrahedra with Se,, chains where n reaches up to 12 in the PBE scheme [142].
It was reported again that the phase separation model does not apply to the network

of GeSe, due to the important presence of Ge-Se-Se-Ge connections.

Size effects of the simulations were also tested for glassy GeSe, and GeS; com-
pounds [143]. BLYP scheme was employed for the AIMD for 120 and 480 atom sys-
tems. In contrast to what is observed for liquid GeSe,, the system size showed rather
important differences in the Se or S environment. The nearest neighbor distances
showed large discrepancies for the 120 and 480 atom cases. In particular, homopolar
Ge-Ge bonds were found in 480 atoms, unlike the 120-atom case (Fig. [2.12). Moreover,
it was also reported that GeS, shows a more intense FSDP as compared to GeSe, and

this was attributed due to the fact that the former has larger size rings.
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Figure 2.12: Computed partial pair distribution functions for GeSe, (upper) and GeS, (lower)
for 120 (green continuous lines) and for 480 (blue broken lines). The inset high-
lights the Ge-Ge correlations and homopolar bonds observed in 480 atoms case.
Adapted from [143].

Obtaining satisfactory results through years of methodological studies improv-
ing the structural models in Ge-Se system made it possible to investigate further the
link between structural properties and the network connectivity. As explained in the
earlier sections, Ge,Se;_y system progressively stiffens as the Ge concentration is in-
creased due to the increased the average coordination number and the rigidity thresh-
old is observed at Gey Segy,, where < r >= 2.4 and n; = n.. In what follows, the
recent studies with the purpose of providing a general picture for the flexible to rigid

transitions in Ge,Se;_y system will be mentioned.

The network properties of glassy Ge,Se;_y along with a set of oxide and chalco-
genide glasses were investigated with the use of well established DFT based methods
and BLYP functionals, in conjunction with rigidity theory [144]. One of the main out-
comes of this study can be given as the role of Ge composition, in other words the
network rigidity, on the variations of the angular constraints around Ge while those

of Se almost remains the same. Furthermore, it was reported that the angles involv-
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Figure 2.13: Comparison of the standard deviation of the Ge centered partial bond angle dis-
tributions, 0., within tetrahedra as a function of composition. The shaded zone

corresponds to the reported IP phase for Ge-Se system [50]. Adapted from [144].

ing the fourth neighbor around germanium atoms change once the system enters the
stressed rigid zone. In a more recent study, structural, electronic, and vibrational
properties of Ge,Se;_x were investigated (120 atoms, BLYP functionals) [145]. Flexi-
ble, isostatic, and stressed rigid compositions were studied, with the focus given on
the effect of Ge composition on the various properties of the system. The real and
reciprocal space properties of the simulations compared well with the available exper-
iments. Especially the concentration-concentration structure factor Sc¢ agreed well
with GeSe,. The increase in the height of FSDP in the number-number structure fac-
tor, Syn with increasing Ge content was well reproduced (Fig . Furthermore, the
validity of certain simple pair models such as random covalent network, chemically
ordered network, chain-crossing etc.) was investigated. It was reported that none of
those models were able to describe the network properties such as the bond statistics
of bonding defects, in particular Ge-Ge homopolars. Another interesting result of this
study was given as the atomic constraints analysis. Of special importance is the break-
ing of the angular constraints in the stressed rigid phases (Fig. [2.13), for this study it
was GeSe; and Ge,Ses, in order to accommodate the stress caused by the increased

cross-linking.

2.6 Data Processing

In this section, the details of the postprocessing of our simulations are given. The nu-
merical analyses were performed by FORTRAN codes and also the Nmoldyn [146]

program package. The graphical representations of the snapshots of the atomic trajec-
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Figure 2.14: Neighbor distribution as a function of distance around a central Ge atom for

glassy GeSe, (red: neighbors 1-4, green : neighbors 5-9). The black curve is the
sum of all neighbor contributions. The inset shows the peak positions of each

neighbor for different chalcogenide and oxide compounds. Adapted from [144].

tories were generated by using VMD [147] program packages.

2.6.1 Radial Distribution Function

Since the atoms in an amorphous materials do not have fixed positions as compared to
their crystalline counterparts, what we have is more of a statistical information when
9(r),

is the probability of finding an atom within a spherical shell centered on agiven atom

it comes to finding the position of atoms. The radial distribution function (RDF),

and having a radius r and a thickness dr :

g(r) = pdnridr (2.6.1)

, where p isdensity, i.e. the density of atoms per unit volume. The integral of pdmr? g(r)
for a certain r gives the average coordination number over a particular distance, i.e.

the first minimum of the g(r) curve is taken to find the first shell coordination number.

In a system having multiple components, one can find the same probability of the
individual pairs using partial pair-distribution function. Consider a system containing

a and [ species. One can use the following formulation to find the 8 atoms around «,

No Ng

= 0 = =)

=1 k=1

9as(r) (2.6.2)

where N is the total number of atoms while N, and Ny are the corresponding numbers

of the different chemical species.
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from [145].
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2.6.2 Structure Factor

Moving from real space to reciprocal space, the static structure factor of a system con-
taining NV atoms is described as:
1 N
S(k) = N<Z > exp(—ike;)exp(—ikt;)) (2.6.3)

=1 j=1
,where k is the reciprocal space vector.

An alternative way of describing the static structure factor is the Fourier transfor-
mation of the RDF;

oo

Sk)=1+ 47rp/rzg(7’)

0

sin(kr) g
r

o (2.6.4)

The total structure factor of systems having different chemical species can be obtained

by the Faber-Ziman relation:

S(k) = cabacsbs [Sgg(k) - 1] (2.6.5)
a,B

,where Sgg is the partial Faber-Ziman structure factor which an be obtained from the
Fourier relation of the partial PDF. Here ¢, and cg represent the concentrations while
b, and bz represent the coherent scattering length of the chemical species. Another
approach to describe structure factor is using the Bhatia-Thornton formalism. For a
case of binary AB, system, the total structure factor is given by:
(b)*Sxn (k) + 2(b) (ba — bp)Snc (k) + (ba — bp)*Sce (k)

(b)*

S(k) =

2 2
_leaba +esbp) (2.6.6)

(b)?

, where (b) = cabs + cpbp with ¢4 and b, representing the concentration and the scat-

tering length of species A. Bhatia-Thornton partial structure factors Sxn(k) (number-
number), Sxc (k) (number-concentration) and Scc (k) (concentration-concentration) which
are experimentally accessible using isotope substitution in neutron diffraction. For the
Ge-Se system, the partial Bhatia-Thornton structure factors can be obtained by lin-
ear combination of the Faber-Ziman partial structure factors SE%.(k), S&4.(k), and
Stese (k);

SN (K) = caeCieSeice(K) 4 CseCseStee (k) +
2CGeCseSets. (K) (2.6.7)
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SNC<k) = cGeCSe[CGe(SGeGe( ) SGeSe( ))
_CSG(SSeSe(k) SGeSe(k))] (268)

Scc(k) = caeCse{l + caeCsel(SElce(k) — SGe(k))
(SSeSe(k) SGeSe(k))]}‘ (269)

where cge and cg. represent the Ge and Se concentrations, respectively. Due to
very close values of the coherent scattering length of the chemical species Ge and Se
(b;e=8.185 fm, bg.=7.97 fm) and to the limited range of variation of Sxc(k) and Scc(k),
Sxn (k) is a very good approximation of the total structure factor, i.e. |St(k)—Snn(k)| < 0.025.
Therefore, the considerations developed hereafter on Sxn(k) apply equally well to the

total structure factor.

Using AIMD generated atomic trajectories, structure factor can be obtained in ei-
ther way. Experimentally, structure factors can be obtained using neutron, X-ray, and
electron diffraction. Comparing the structure factor calculated through the AIMD
atomic trajectories with experiments is a good way to verify the robustness of the

simulations.

2.6.3 Bond Angle Distribution

In network forming glasses, bond angle distribution (BAD) analyses could provide
important information of the short range (i.e. tetrahedra) as well as of the medium
range (connection of the structural units) ordering. In order to calculate the angle be-
tween two bonds, one should first define the bonding of the species with a meaningful
cut-off value. Typically, the cut-off distance for BAD analyses, 7c.;—or/, are taken from
the first minimum of the ¢(r) (for this thesis, a value around 2.8-2.9 A). For a given

three atoms A, B, and C, the angle 0 45¢ can be defined as;

O spc = arccos ((ra ~Tb) - (Fa = rb)) (2.6.10)

[ta — Tp| - [re — T

2.6.4 Constraint Counting

As mentioned in the previous chapter, the total number of constraints is a sum of both
bond stretching (BS) and bond bending (BB) interactions of atoms. In MD based con-

straint counting method, we monitor the standard deviations of the atomic motions
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to check if the distances and/or angles deviate around a fixed value with small spa-
tial excursions manifested by the restoring forces, in order to determine a particular
constraint being intact. Fig shows schematically the criterion of determination of

intact and broken constraints. The distribution of the distances and angles of different
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Figure 2.16: Schematics of MD based constraints counting method. a) Bond stretching b) bond
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a) "o

bending constraints. The large excursions are set to be broken while the small

excursions are enumerated as intact constraints. Adapted from[30].

neighbors are used in assigning the corresponding standard deviation of stretching o,
or bending o;. Note that the standard deviation is an arbitrary number and depends
strongly on temperature and pressure [144, 148]. Fig2.17]illustrates the enumeration
of neighbors. An atom is tagged as the central atom having the label 0, and depending
on the distance between this central atom and the surrounding neighbors, they are

labeled in an incremental fashion. By the same convention, in angular notation we

Figure 2.17: Enumerating the neighbors of a central atom labeled as 0. The angle that corre-

spond to 102 is emphasized in red.

examine the angle constituted by neighbors of the central atom. In Figl2.17 one can
see the illustration of that the angle number 102 stands for the angle between the first
two closest neighbors of a central atom in a tetrahedron. Fig provides an example

of counting BB constraints in AIMD generated GeSe,. In this analysis, 0, was taken to
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off for oy .

be 15° (the horizontal dashed line). One can identify 6 different angle numbers main-
taining their average angular excursion throughout the whole simulation below the
cut-off value, thus, they are counted as intact BB constraints. Consequently, we have 6
bond angles appearing to be intact, namely; 102, 103, 104, 203, 204, and 304. Yet only 5
of these angles are independent since the sixth one can be determined from the value
of the 5 others. Therefore, we conclude that there are 5 BB constraints for Ge. Similarly,
when the same neighbor analysis is applied to radial distributions, one can count the

BS constraints.

2.6.5 Mean Square Displacement

In order to calculate atomic diffusion the simulation box, we first calculate the mean-
square displacement (MSD) (r2(t)) of the chemical species « from the atomic trajecto-

ries of our simulations using:

02(0) = O ()~ v ) @611

where r;(t) is the coordinate of the ith particle of the chemical species « at time ¢
and N, is the total number of particles of type «. Fig illustrates the MSD behavior

of a typical Lennard-Jones liquid [149] as a function of time. For high temperature, at
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the very early times, a ballistic motion of particles is manifested by a quadratic time
dependence of the MSD, (r2(t)) ~ t*. This rapid motion of the tagged particles gives
way to a linear dependence at longer times, in other words the diffusive behavior. As
the temperature of the system is decreased, the atomic mobility and therefore the MSD
is decreased. However, at the intermediate time scales, a plateau starts to build up as
the temperature is decreased. This slow down in the atomic mobility corresponds to
what is called the caging regime, in which the tagged particles are trapped by the
surrounding neighbors and the mobility is largely diminished until the the particle

leaves the cage and the MSD starts to increase again.
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Figure 2.19: Time dependence of mean-square-displacement in a Lennard-Jones liquid at dif-
ferent temperatures. Three different mobility regimes are observed. Here the
longest time attained in simulation corresponds to 30 ns in real time. Reproduced
from|[[149].

Once the diffusive regime is reached at the long time limit, as seen from the log-log
plot (Fig. 2.19), the diffusivity D, of the chemical species « is given by the Einstein
relation,

L <ri(t) >

Dq
6t

(2.6.12)

2.6.6 Intermediate Scattering Function

Additional insight into the real space dynamics and the transport mechanisms can
be provided by the Van Hove correlation function [150, [151] which is a density-time

correlation of particles. Given that there is a particle at the origin at time ¢ = 0, the Van
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Hove correlation is given as
1
G(r,t) = N< E S(r+1;(0) —r;(t))) (2.6.13)

The van Hove correlation function can be divided into a self and a distinct part for
the cases © = j and 7 # j, respectively. The former gives indication about an average
motion whereas the latter is directly related to unlike particle correlations that reduces
to the static pair correlation function g(r) at ¢ = 0 [152]. For the self part, the probability

of finding a particle of species « at the position r at time ¢ is given by:

Amr2 G (r, t) Z 5(r+r;(0) — r;(1))) (2.6.14)

and 47r? results from the spherical integration of an isotropic media.

From MD simulations, the self intermediate scattering function F'(k, t) for the species

o is:

- _Z exp(ik - (r;(t) — r;(0))) (2.6.15)

which is also the Fourier transform [152] of the Van Hove correlation function defined
previously. Note that F(k,t) can be also calculated directly. Fig[2.20|shows the time
dependence of a Lennard-Jones mixture at the reciprocal vector corresponding the first
peak position of the static structure factor of the same system. At high temperature,
since atoms are more mobile, a ballistic type regime is followed by an exponential de-
cay. As the temperature is lowered, a plateau builds up at the intermediate time scale
associated with the cage motion. At longer times, a stretched exponent (Kohlrausch)

behavior is observed, corresponding the particles leaving the cage.

58



CHAPTER 2: THEORY

1.0 1 a=q__ LF
= 1Ballistic 1
% 0.8 Jregime
W

0.6

0.4 -

1 T=5.0
0.2 8
0.0 me
10 10" 10° 10' 10°

Figure 2.20: Self part of the intermediate scattering function for a Lennard-Jones liquid. Here
the longest time attained in simulation corresponds to 30 ns in real time. Repro-
duced from [153].
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Chapter 3
Experimental Techniques

Abstract

The atomic structure of amorphous systems can be studied by means
of various different methods. Among them, synchrotron radiation is
an excellent tool to probe the structure of condensed matter, thanks to
the high brightness of the third generation light sources. In this respect,
we performed X-ray absorption spectroscopy (XAS) along with simul-
taneous X-ray diffraction (XRD) experiments of GexSe;_y under pres-
sure at BM23 at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. In this chapter, a brief overview to the XAS theory
will be given first. In what follows, experimental details of our XAS
measurements including the high pressure equipment and the data
analysis will be explained. The remaining sections of the chapter will
provide information regarding the sample preparation and characteri-

zation with the use of energy dispersive X-ray spectroscopy (EDXS).

3.1 Phenomenology of XAS

XAS is one of the most novel characterization techniques to study local atomic struc-
ture in condensed matter science. In XAS, the probability of the absorption of an inci-
dent beam by a sample is measured. Depending on how the X-ray beams are absorbed
near and above the core shell binding energy levels, one can extract crucial informa-
tion on the coordination number and geometry, oxidation state, and inter-atomic dis-
tances. Therefore, XAS measurements are used in numerous scientific fields including

material science, chemistry, biology and condensed matter physics.
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When a sample is subjected to incident X-ray beams with a range of energy, the
cross sectional absorbance decreases monotonously with increasing energy until an
abrupt change at a distinct energy for each element, what is called the absorption
edge. The absorption edge can be defined as the discontinuity in the linear absorption
coefficient that takes place when the incident beam reaches an energy that is equal to
the energy required to knock a core shell electron out of its orbital. Each absorption
edge is named depending on the binding energy of atomic subshell such as K, L, M,

and N which correspond to different quantum states.
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Figure 3.1: a) X-ray absorption spectrum of Pb element. Here K, L, and M radiations refer
to different quantum number n being 1, 2, and 3,respectively. The inset shows L
subshell radiations corresponding to 2s and 2p orbitals. b) X-ray emission lines of
different shells. Adapted from [154]

In XAS, one measures the absorption coefficient ;(£) as a function incident X-ray

radiation energy. A material absorbs the X-rays according to the following relation:
I = Ipe (3.1.1)

where I is the incident beam intensity, ¢ is thickness of the sample, 1 is absorption
coefficient, and I is the transmitted intensity through the sample. The absorption co-
efficient strongly depends on the atomic number Z and the incident X-ray energy E.
These feature of absorbency enable good contrast between high Z and low Z elements

allowing different applications, particularly for medical imaging purposes.

X-ray absorption is a process of transitions in different states. As an incident beam
having an energy of /w hits a core electron of an atom, the photo-electron that is ejected

has a momentum of 2k where k is the wave vector and is given by :
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= 2% om(hos — By) (3.1.2)

where Ej accounts for the binding energy of an electron in a particular quantum
shell. The variations of the kinetic energy of the photo-electron is manifested by dif-
ferent type of scattering interactions. A closer look into Fig. a) reflects interest-
ing interactions of the incident beam with the sample following diverse paths. Fig.
shows the X-ray Absorption Near Edge (XANES) and Extended X-ray Absorption

Fine Structure (EXAFS) parts of the spectra at Se K edge for Ge;(Sey.
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Figure 3.2: Se K edge absorption spectrum of Ge1oSegy showing the XANES (from the edge to
~ 12.68 keV) and EXAFS parts separated by the vertical line.

3.2 XANES

XANES part of the absorption spectra corresponds to an energy range of about ~ 50
meV above the absorption edge where the scattered photo-electrons from the neigh-
boring atoms have low kinetic energy. The absorption edge is generally taken as the
maximum in the first derivative of energy or by convention the half height of the peak.
The unoccupied states are filled by the photo-electrons in this region, which gives rise
to the change in the charge density of the initial and the final states. This feature of

XANES is used in to distinguish the local coordination chemistry and the oxidation
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states of a selected absorber. Due to the complicated multiple scattering of the low
kinetic energy photo-electrons interacting in the XANES region, there is no simplified
equation for this part of the spectrum .Thus, the interpretation of XANES is generally
qualitative in terms of coordination chemistry, band structure, and ionization states.
Another important feature in the XANES region is the pre-edge interactions. These
type of features are seen in most of the metals due 1s to 3d orbital transitions de-
pending on dipole or quadripole selections [155]. Fig. shows different scattering

processes triggered by an incident X-ray beam on a sample.

ELECTRON

Single Scattering Multiple Scattering

Figure 3.3: Schematic representation of single and multiple scattering of a photo-electron due

to an incident X-ray beam. Reproduced from [156].

3.3 EXAFS

Unlike the XANES spectrum which is largely affected by the multiple scattering with
low kinetic energy of photo-electron, the EXAFS part consists of the modulations of the
absorption coefficient ;1 due to the interaction of the outgoing and the back-scattered
waves of photo-electrons. The oscillations that can be seen in the marked EXAFS re-
gion in Fig. occur due to the constructive and destructive interference of such
interactions. As the X-ray energy increases, the resulting photo-electron has a greater
kinetic energy and the EXAFS effects occurs mostly due to the single scattering event
from an absorber to a scatterer and because of such effects, the absorption coefficient

p varies. In EXAFS, the signal measured in y (k) represented as

y(i) = HE) — 1ol B) (33.1)
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where 1 is the absorption coefficient in the absence of the EXAFS modulations. The

value of EXAFS signal (k) depends on a number of parameters as follows [157, [158]

(i) = 3 A o, M) erp(~24202,) - sin(2kB + 6,00 (332)
Here N, coordination number of scattering atoms around the absorber. Of special
importance is that the EXAFS signal responds inversely to the distance between ab-
sorber and scatterer, denoted as R,,;. A, and A(k) represent the energy dependence of
the scattering and the mean free path of the photo-electron, respectively. The phase
shift that depends on the scattering atom is given by ¢(k). Finally, SZ is the amplitude
reduction parameter which has a value between 0 and 1 while o, is the Debye-Waller
factor which reflects the variance of the multiple absorber-scatterer distance differ-
ences. This value can also be interpreted as the mean square displacements of the
scatterer atoms in some cases. Note that in EXAFS measurements, the extracted dis-
tances are averaged, therefore o,, holds important meaning of the errors of the fitting
and variations in the structure. Fig. shows some of the parameters appearing the
equation for different elements calculated by the FEFF [159] program package.

3.4 Data Analysis

In previous sections of this chapter it was mentioned that the rather complicated na-
ture of XANES spectrum due to many multiple scattering of the photo-electron a sim-
plified quantitative analysis for this part of the spectrum is lacking. Fortunately, for
EXAFS part of the spectrum well established methods for data reduction can be found
in the literature [161] [162]. The EXAFS signal, x(k), is obtained after removing the
background modeled by polynomial splines and then normalizing the magnitude of
the oscillations to the edge jump. Figure 3.5/ shows the normalization procedure for
GeyoSey at the Ge K edge.

Since the EXAFS oscillations occur due to the damping of sin(2kR,s) term ap-
pearing in equation the Fourier transform of the these oscillation frequencies
with respect to £ vector results in the inter-atomic distances between the absorber
and the scatterer through various scattering path. The EXAFS signal y (k) is gener-
ally weighted with a power of k and the oscillations are truncated using a window
function. The truncation range is determined by the noise level of the weighted EX-

AFS signal. Subsequently, a Fourier transformation is applied from reciprocal to real
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Figure 3.4: k dependence of EXAFS parameters calculated by FEFFE. Adapted from [160]

space and a radial distribution function (RDF) of the first neighbors is obtained. With
the application of another window function, the back Fourier transform is performed
to the truncated RDF data and finally the filtered EXAFS signal is obtained. Fig.

illustrates the schematic of the EXAFS data refinement procedure.

In this thesis, XAS data were analyzed using the ATHENA and ARTEMIS pro-
grams of the IFEFFIT package [163, 164]. The parts of the analyses that are explained
above were carried out using ATHENA. In order to account for the neighboring dis-
tances, the ARTEMIS program was used. Fig[3.7]illustrates an example of data reduc-

tion for GeyySexg.

In the analysis of our data collected at BM23, the x (k) signals were fitted in & space
in an interval of 3.96 to 15.2 A=, The first shell contribution was isolated by selecting a
back transforming range between 1 <R< 3 A. A Hanning window function was used
for the Fourier transformations. The fitting parameters amplitude reduction factor, S,
and energy mismatch, Ej, were refined with initial predictions between 0.86 to 1 and 5
to 7, respectively. For XAS refinement of the short range structure, two methods were

compared to obtain the best-fitting parameters ; in one method the first shell neighbor
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Figure 3.5: Measured absorption spectrum at Ge K edge for GeoSes (black). a) Normaliza-
tion of the measured p(FE) is done with the post and pre-edge lines having cubic
spline fits (red). b) normalized absorption spectra with edge step equal to 1 (black

arrows).

coordination numbers were fixed to nges. = 4 and ng.q. = 2 whereas in the other the
coordination numbers found through ab initio calculations of Ge,Se;_ glasses under
pressure are used. The details of AIMD results will be presented in the following
chapters. The comparison revealed no significant differences in ¢? values and Ge-Se
distances (i.e. for the structural parameters in the refining of Ge,;Se;5, when ngese is
set to 4, the calculated best fit yields Rgese = 2.366(4) Aand 02,5, = 0.00429(3), which is
identical to the case when nges. = 3.87 determined by the ab initio simulations with a
3 % difference in S§ ). Therefore, the former approach has been adopted in which the

coordination numbers are fixed to nges. = 4 and ng.q. = 2 for the XAS data refinement

To this point, a short overview of X-ray absorption phenomenon was given, cov-
ering the essential parts of the physics behind the actual measurement along with the
guideline to the data analysis. In the next sections of this chapter, the details of the

XAS and XRD experiment, sample preparation and characterization will be described.

3.5 Experimental Details

The XAS and XRD experiments were carried out at BM23 at the European Synchrotron
Radiation Facility (ESRF). Synchrotron light sources are extremely powerful facilities
to for investigating structure and/or dynamics of matter in a variety of diverse disci-

plines. The synchrotron radiation is achieved by the trajectory of accelerated charged
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Figure 3.6: Schematic of the standard EXAFS data reduction. Reproduced from [156]

particles (electrons or positrons) in curved (bending magnet) or orbiting paths (undu-
lators and wigglers). The main advantage of the synchrotron X-rays over conventional
X-rays generated in laboratory X-ray tubes or rotating anodes is the orders of mag-
nitude differences in the term what is called brightness. Brightness can roughly be

described photon flux per unit area and unit time.

At the ESRF, BM23 offers XAS experiments within an energy range of 4 keV to 74
keV with bending magnets. The data collection can be performed both in transmis-
sion or florescence modes.The beamline optics in transmission mode is represented in
FigB3.8| In our experiments, XAS data were collected at Ge K edge (11.1 keV) and Se K
edge (12.66 keV) using ionization chambers. The X-ray beam spot size focused on the

sample was about 5 x 5 ym?.

To study the structural evolution of Ge,Se;_ under compression, pressure was ap-
plied using a gas driven membrane diamond anvil cells (DAC). Conical shape Boehler-
Almax design diamond anvils having 300 m culets were used. Rhenium gaskets were
thinned down to 35 ym and holes of 120 m diameter were drilled using laser beam.
Fine pieces of the samples were placed inside the hole along with spheres of rubies.
Ruby florescence method was used to measure the applied pressure. A droplet of
paraffin oil was introduced the hole after the sample and the rubies were loaded to

achieve hydrostatic pressure conditions, as the pressure transmitting medium. Fig.
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Figure 3.7: k2 weighted EXAFS signals at the Ge K edge of amorphous GeySeg (black), the

calculated best fit (red) and the window function (blue) together with b) the Fourier

transforms at ambient pressure. Note that the phase shifts are not corrected here

shows one half of a DAC and a zoom to the hole at the tip of the diamonds.

The simultaneous XRD patterns were collected with a MAR165 CCD detector hav-
ing a 79 x 79 um? pixel size which was placed at about 164 mm from the sample.
An incident wavelength of 0.688 A was selected through Si (111) monochromators as
shown in the Fig[3.8) The XRD data reduction was carried out using FIT2D package
[166].

3.6 Sample Preparation and Characterization

Samples that were used for this thesis work had been prepared at the University of
Cincinnati. Amorphous Ge,Se;_, (where x=10, 17, 20, 22 and 25) samples were syn-
thesized using 99.999% Ge and 99.999 % Se pieces mixed in the desired ratio and were
sealed in evacuated quartz tubes. The quartz ampules were held vertically in a T-
programmable box furnace for 192 h at 950 °C to ensure homogenization. The ampules
were water quenched from 50 °C above the liquidus temperature. FT Raman profil-
ing was performed on the as-quenched melts to confirm structural homogeneity [45].
The as-quenched melts were then heated in the box furnace at T,+20 °C for 10 min
and brought down to room temperature at a cooling rate of 3 °C/min. The produced

amorphous Ge,Se;_, samples were kept in a glove box for further manipulation.

The chemical composition and homogeneity of the samples was verified within the

limitations of energy dispersive X-ray spectroscopy (EDXS) analyses. EDXS character-
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Figure 3.10: BM23 XAS beamline at ESRF, Grenoble, France.

ization is a rather simple yet a powerful method to perform qualitative and quantita-
tive composition analysis on a material. The basic working principle of EDXS relies on
the bombarding of a sample with focused electron beam in a scanning or transmission
electron microscope. The electron beam that hits the material has several interactions
at various depth of the sample from the surface, namely; back-scattering, secondary,
auger electrons, and the emission of the characteristic X-rays of the elements in the
sample. In EDXS, one records the relative intensities of these characteristic X-rays
generated by filling holes of the ejected electrons due to the incident electron beam.
Since the characteristic X-ray lines of elements depends on the atomic number Z, the
energy of the incident beam should be chosen carefully in order to observe an element
in the sample. Another important point is the control of the so-called parameter "dead
time’, which is the time spent between the pulses which are not measured given in
percentages with the following relation;

Outputrate

Deadtime = (1 — —
eadtime = ( Input Rate

) x 100 (3.6.1)

A good range for dead time can be given as 20-40 %, which can be controlled by

the excitation voltage of the beam, spot size, and the level of the sample stage. The
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Figure 3.11: Lower half of the diamond anvil cell (DAC) having the rhenium gasket with a
120pum diameter hole (left). Inside the DAC with sample and ruby placed in the
35um thick hole.

EDXS analyses of the above mentioned samples were performed using a field emission
scanning electron microscope (FESEM) at the CEA, Grenoble, France prior to the X-ray
absorption (XAS) and X-ray diffraction (XRD) experiments. An excitation voltage of
15 keV was used to generate characteristic L emission lines of Ge and Se elements
that are located at 1.118 and 1.379 keV, respectively. Fig. [3.7] illustrates the EDXS
spectra of Gey;Ser; with the corresponding image at which the spectra was collected.
The average dead time for the measurements were 19 %. The characteristic lines for
carbon is generally observed due to the carbon tape that is used to attach the sample to
the sample holder in the microscope. Similarly, the O content appearing in the spectra
is in the accepted range. The characteristic L radiations of the Ge and Se elements
are observed at their respected positions. a series of EDXS spectra was collected from
different parts of the samples and for this case, Gey;Ser5, EDXS results showed Se:Ge
ratio of 3.01 & 0.02. The EDXS results showed no Si contamination due to melting in

the quartz capillaries.
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Figure 3.12: EDXS spectrum of GeysSe7s at 15 keV. The inset shows the corresponding image

where the spectrum was collected.
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Chapter 4

Study of Liquid Ge-Se

Abstract

There are important differences in the way liquids relax as they ap-
proach the glass transition, i.e. rapid or slow variation in dynamic
quantities under moderate temperature changes. In this chapter, we
investigate the structure and dynamics of Ge-Se liquids using AIMD
simulations. The focus is set on ten compositions (where x < 33 %)
encompassing the reported elastic phase transitions. We examine dif-
fusion coefficients, diffusion activation energies, glassy relaxation be-
havior and viscosity of these liquids from Van Hove correlation and in-
termediate scattering functions. We show that the relaxation behavior
of the supercooled liquid is strongly correlated to the variation of rigid-
ity with temperature and the spatial distribution of the corresponding
topological constraints, which ultimately connect to the fragility min-
ima. This enables us to extend the fragility concept to aspects of topol-
ogy/rigidity, and to the degree of homogeneity of the atomic-scale in-

teractions for a variety of structural glasses.

4.1 Introduction

The Ge,Se go—x system holds and important place among chalcogenide melts due the
nature of the chemical bonding which can be substantially changed by composition or
temperature even though the tetrahedral local structure remains predominant. These
variations in the network structure lead to alterations in physical properties [167, [168]
among which a substantial increase in the electrical conductivity [169] by about three

orders of magnitude for Ge-rich compositions (x <33 %) that is due to the progressive
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conversion of the bonding from covalent to metallic [138]. The non-monotonic trends
in other properties such as enthalpy relaxation at the glass transition was shown in
Chapter [I| Here, we investigate the dynamic and relaxation properties of Ge-Se su-
percooled liquids from molecular dynamics using AIMD. The computational details
are given in section In addition to the experimental glass densities, here we also
performed simulations using the experimental liquid densities[124]. Fig. shows
the interpolation applied to the available data for Se rich compositions. In the follow-
ing sections, after the verification of our simulations, a comprehensive investigation

of dynamics in Ge-Se melts will be provided.
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Figure 4.1: Composition dependence of molar volume of Ge-Se liquids at 1073 K. The red
curve represents the polynomial fit applied to the experimentally measured data
[124] (diamond symbols). Black symbols shows the extrapolated data for other

compositions used in our simulations.

4.2 Structural Properties

In this section we verify the reliability of our simulations by comparing the obtained
structural models to the available experimental findings, before proceeding with the

detailed investigation of the dynamics. Fig. 4.2 shows the calculated static coherent
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structure factors S(k) of selected compositions at several temperatures along with cor-
responding neutron scattering experimental result [170, 140, 171]. In the glassy state
(Fig. #.2p), a noticeably good agreement is observed between our simulations and the
experimental findings at 300 K [73, [170] 140, 171]. Previous AIMD investigations on
Ge-Se glasses [138) 132, 49| 170, 140, 171] show similar levels of accuracy when com-
pared to experiments. The typical features of the neutron diffraction pattern such as
the first sharp diffraction peak (FSDP) located at around k=1.0 A~!, the principal peak
at k=2.10 A~! and the secondary principal peak at k=3.50 A~ and the high vector
range of S(k) (k=10-12 A1) are very well reproduced. In the liquid state (Fig. ),
the calculated and experimental structure factors are also in good overall agreement,
especially for Ges3Segs [73][172]. For the latter, the intensity decrease of the FSDP upon
raising the temperature to 1373 K is also rather well reproduced. Moreover, it should
be noted that small changes in composition (Ge,;Sers, Fig. ) do not yield con-
siderable modifications in the diffraction pattern, this compound also matching the
experimental curve of GeyySeg. Finally, it is important to mention that there are al-
most no changes due to system size as the results for the present N=250 atoms system
are comparable to results for N=120 (Fig. [4.2b) [173] or N=480 [134]. Fig. shows
the calculated total pair distribution function ¢(r) (PDF) for selected compositions at
1050 K and 1373 K with their experimental counterparts [73}[140]. A decent agreement
is found in the real space features of our structural models when compared to the ex-
perimental findings. The main peak of ¢(r-) which is located at 2.35 A and due to Ge-Se
correlations (2.36 A [73], experimentally), and the second peak at around 3.85 A which
is associated with the Se-Se distances between the edges of GeSe,/, tetrahedra [145]
are also very well reproduced. The detail of the partial contributions is very similar to
those obtained with different system sizes [145, 173, 134, 174]. These results confirm
the validity of the models generated with AIMD, allowing us to further analyze the

system in terms of dynamic properties.
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Figure 4.2: Calculated static structure factors S(k) (red curves) for selected compositions at
300 K (a) and in the liquid state (b), and comparison with experimental neutron
diffraction results in panel a: blue circles [170], black circles : GegSeso [140],
GessSegr [171], and in panel b: Green circles GeaoSegy [175], GessSesr at 1050 K
[172], and at 1373 K [176]. The yellow curve corresponds to a system with 120
atoms [173]. Note that the experimental data of GeaSesy have been duplicated in

order to be compared with the simulated Geg2Sezs.
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Figure 4.3: Calculated total pair distribution functions (red curves) for selected compositions
at 300 K (a) and in the liquid state (b), compared to neutron diffraction experiment
results (black lines): GegoSegg [73] and Ges3Segr at 300 K [140], Ges3Segr at 1050 K
[172] and 1373 K [176]. The calculations are also compared to previous simulation
results (blue curves) on 120 atom systems for 1373 K (GeSe») [175] and 300 K [140,

145].
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4.3 Anomalous Dynamics and Relaxation

In order to investigate the dynamics of liquid Ge,Se;¢o—, we first calculate the mean
square displacement (msd) (r2(¢)) of the chemical species a (a=Ge,Se) from the atomic
trajectories of our simulations. Fig. |4.4{shows the time dependence of the total msd at
selected temperatures for liquid GeyySesy. The mobility of the atoms decreases with
decreasing temperature, as expected. At high temperatures two well-defined time
regime can be identified, a ballistic regime at short times at which the msd is propor-
tional to ¢?, and a diffusive regime which correspond to the linear dependence on time
at larger time values (¢ >5ps). This feature is detected for all compositions and at all
T >1050 K. For the particular temperature of 1050 K, Fig. |4.4{shows that the diffusive
regime appears at somewhat longer times (typically 10 ps), and this has been found
for all temperatures, consistently with fact that the onset of the diffusive regime shifts
to larger time values upon decreasing the temperature. In particular, the msd curve
obtained at 1050 K shows that it is the lowest temperature in the liquid state at which
the diffusive regime can be attained within the limits of our simulations (25-40ps).
It should be noted that the structural and dynamic properties above 1050 K weakly
vary between glass and liquid densities. On the other hand, the changes in dynamic
properties are more prominent for the liquid densities at 1050 K. For this reason, the
data presented here will be a combination of the two; in such a way that all the 1050
K properties are calculated using liquid densities, and glass densities are used for the
rest of the data provided (see Appendix|A|for details).

For lower temperatures, a typical cage-like regime is observed [177] (msd~0.3 A)
that extends to long times as the temperature is decreased. This behavior is due to
the trapping of individual atoms by their neighbors environment, resulting in a con-
stant value for the msd. The atoms can only leave this effective ‘cage” after a sufficient
time has passed, and a diffusive regime may be reached but beyond the time limit
of our simulations. Fig. shows the msd at 1050 K for the compositions studied.
The typical features observed for GeySesy at 1050 K can be identified for the other
compositions as well. It can clearly be seen that the atoms of the compound Ge;(Sey
are the most mobile while it is the least for that of Gey;Se7s in the diffusive regime.
This picture contradicts a natural anticipation which correlates the increasing network
structure should decrease overall mobility of the system. Therefore, we now turn to
the diffusion coefficients to see the effect of composition on atomic mobility. Once
the diffusive regime is reached in the long time limit, as seen from the log-log plot

(Fig. [.4), the diffusivity D, of the chemical species «a is given by the Einstein rela-
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Figure 4.4: Total mean square displacement (msd) as a function of simulation time for
GegoSesp at different temperatures. The broken line shows the behavior of (r2(t))

in the diffusive regime.

tion. The diffusion coefficients as a function of composition at selected temperatures
are shown in Fig. At all temperatures Se atoms are more mobile than Ge atoms
due to their lighter atomic weight, except at 33 % Ge concentration which corresponds
to the stoichiometric compound. A global decrease in the diffusivity is detected with
the increase in Ge content, along with the stiffening of the network at both 1050 K and
1373 K, as the liquid becomes more and more cross-linked by the addition of four-fold
Ge atoms. For higher temperatures, a smooth decrease of Dg. and D¢, is found. In-
terestingly, we note that at 1050 K, within a small compositional range (18-22 %), the
values of D¢, and Dg. decrease even more, at least when compared to a linear extrap-
olation between 10 % and 33 % Ge. This effect is enhanced for Ge atoms. In order
to have a better understanding of this anomalous diffusion behavior, one can evaluate
the diffusion activation energies F/4 using the calculated diffusivities for different tem-
peratures and D = Dgexp[—E4/kgT) for the low temperature data points. Fig. §.7a
shows the evolution of the average diffusion constant as a function of temperature for
selected compositions. The calculated diffusivities behave according to an Arrhenius
law. At 2000 K, a deviation from the Arrhenius behavior with the diffusion constants
increasing more slowly than what is expected for a thermally activated process. This
is a feature that has been previously also observed in liquid SiO; [178] and GeO, [179].
In addition, it is also clearly seen that Ges;Sezs has the steepest curve among all the

compositions whereas the slope of the line for Ge;Sey is the smallest, a first indica-
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Figure 4.5: Total mean square displacement (msd) as a function of simulation time for different

compositions at 1050 K.

tion that corresponding activation energies will depend on the Ge content. Fig.[4.7p
shows the composition dependence of diffusion activation energy E,. It is important
to note that the non-monotonic trend in diffusivity at 1050 K is reflected in the behav-
ior of /4. As a result of the lower mobility of Ge atoms, the energy needed to activate
Ge self-diffusion is higher than that of Se. The thermal energy barrier for diffusion
rises almost linearly with increasing Ge content from Ge;(Segg to Ges3Segs,with an im-
portant increase in the same interval (18-22 %).These results signify a distinguished

diffusion anomaly.

Additional insight into the real space dynamics and the transport mechanisms is
provided by the Van Hove correlation function (equation [2.6.13). Fig. 4.8 shows the
self part of the van Hove correlation function G¢(r, t) at different times for 1050 K. As
opposed to the sharper peaks at earlier times, which behave as the Dirac 6(r) fort = 0
(equation (2.6.14), with the increase in time, the atoms have larger displacements and
broader distributions. The probability to find a Se atom at a given time and position
is, indeed, higher than that of a Ge atom, as expected, and the distances that Se atoms

cover are larger than their Ge counterparts.

One can connect the diffusivity of the species with the jump probabilities of the
atoms that have moved further than the first neighbour distances » > r, by integrat-
ing the van Hove self correlation function for each composition at a given time. Fig.

shows the composition dependence of such jump probabilities of the species where the
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Figure 4.6: Calculated self diffusion coefficients Dg. (red) and Dg. (black) as a function of

composition at 1050 K.

hopping distance 1,=2.88 A corresponds to the first minimum of the pair correlation
function (Fig. #.3). At 1373 K nearly all the particles are able to move over large dis-
tances due to the thermal excitation thus no particular anomaly is obtained, and the
jump probability is ~80-100 % for nearly all compositions, consistently with the ob-
tained trend for diffusivity. This situation contrasts with the composition dependence
at the 1050 K isotherm. Ge;(Sey, for which the underlying network consists of weekly
interconnected chains [73, [180], has the highest jump probability for both Ge and Se
species given that nearly all the atoms in the box have moved by more than 2.88 A
within 20 ps. Again, increasing Ge content results in a global decrease in jump proba-
bility analogous to the diffusion behavior exhibited in Fig. It is important to note
that the substantial slow down in the atomic mobility observed in the same interval
18-22 % in which the system exhibits an anomalous diffusion behavior. These results,
together with the real space based dynamical analysis of our structural models, ap-
peal for additional investigation in order to understand the mechanism driving this

anomaly.

4.4 Role of with Molecular Rigidity on Fragility

A central result is the detection of the crucial role played by rigidity in the anomalous

relaxation dynamics of Fig. and the indication of a fragility minimum. Within
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Figure 4.7: a) Arrhenius plot of the diffusion constant for selected compositions. The solid
lines represent the Arrhenius fits. (b) Diffusion activation energy E4 of Ge (red)

and Se (black) as a function of Ge content.

temperature-dependent rigidity theory, the assumption of an Adam-Gibbs form for
the relaxation time, In7, o 1/7'S,, and the contribution of the number of topological
degrees of freedom f(z,T") = 3 — n.(x,T) to the configurational entropy [181] S.(x,T)
leads to the prediction of the fragility index M:

Oln f(z,T)

M = Mo[1 + OlnT }T:Tg

(4.4.1)

which depends only on the scaling of f(z,7) with temperature. The validity and
predictive power of equation has been checked on a certain number of glasses by
building structural models, establishing their constraint count, and comparing with a

composition dependence of fragility measurements such as for borates [182] or phos-
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Figure 4.8: Self part of van Hove correlation function of Ge atoms, showing the atomic dis-

placements at different simulation times.

phates [183]. MD-based constraint counting algorithms (see section[2.6.4)are used [184]
to yield n.(x,T") from Ge/Se bond-stretching (BS) and bond-bending (BB) motions.
These show that (i) for the 300K glasses, n. follows exactly the mean-field estimate
n. = 2 + bz (Fig. a [29]), leading to an isostatic condition (n. = 3 for 20% Ge)
that agrees with the experimentally measured threshold value [42], and, importantly,
(i) the calculated n.(z,T) displays a minimum change with temperature for 20-22%
Ge. The obtained minimum change is robust. Following equation this leads
to a minimum for the liquid fragility with composition given the weaker variation
of the term dn./dInT at x ~22%, and coincides with n. = 3. When the details of
the constraint contributions are investigated, and their spatial distribution analyzed
Figl4.10, additional important features can be linked to the weak variation of n, with
temperature. First, for the composition at which the weakest change in n, is found
(22%), the BB constraints are nearly homogeneously distributed in the structure given
that n, BB maximizes to its nearly low temperature value (n?%=5), which reduce the
possible fluctuations. This contrasts significantly with all the other compositions (for
example, 14.3 and 33%, Fig. £.10k, which display a heterogeneous distribution of con-
straints broken by thermal activation. The variance of n. BB is also a measure of the
spread in the spatial distribution of atomic interactions leading to rigid constraints.
For the compositions in the range 20-23%, one could extrapolate that homogeneity of
stress (that is, interactions) will not only induce a cascade of dynamic anomalies as
detected from the diffusivity minima and viscosity /relaxation time maxima located in

the same range of compositions (Fig. but also represents a more stable state at the
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Figure 4.9: Composition dependence of the jump probabilities of atoms that have jumped
r>2.88 A within 20 ps at 1050K (filled circles) and 1373 K (open circles).

nanoscale. As a consequence, thermal changes must lead to minor changes of n. with
temperature, and ultimately will minimize fragility (equation [4.4.1). In this particular
region of anomalous behavior, one furthermore detects weak effects on structure with
chemical composition given that both the pair correlation function g(r) in real space
and the structure factor in reciprocal space exhibit small differences with Ge content
. For instance, the structural properties of the 22% composition that appears to be so
particular in terms of dynamic properties (Fig. [4.6), are found to be nearly identical
to the 20% one, although their relaxation time differs by a factor 2 and their rigidity
also varies substantially within a tiny compositional interval. This, ultimately, empha-
sizes the predominance of rigidity and its spatial distribution on the liquid relaxation

properties, over aspects of structure.

It was already shown that rigidity of a glass forming network can be linked to its
fragility. To do this, we investigate the viscosity of liquid Ge,Se;¢o_x and first compare
with experimental results [185, 186, [187]. The direct calculation of viscosity is out of
reach given that the system size and the time scales of the AIMD simulations are too
small in order to obtain a satisfying decay of the stress auto-correlation function in
the Green-Kubo approach [152]. Therefore, we use the Einstein-Stokes (SE) relation in

which the viscosity is given by

_ kgT
" 6wRD

(4.4.2)
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Figure 4.10: (a) Global MD constraint count of the liquid (1050 K), compared with a count in

the glassy state (300 K). The broken line represents the Phillips—Thorpe constraint
countn, = 2+5z [29]. (b) Contourplots of the Ge BB constraint distribution among
the structure for selected compositions. They have been generated by focusing on
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and BS (red, right axis) constraint density as a function of Ge content. (d) Variance

O'?LC of the Ge BB constraint population.

where kg is the Boltzmann constant, T is temperature, D is the diffusion constant

(Fig. [.7), and R = 0.5p~'/3
that we have checked for the validity of the SE relation by verifying that the calculated

given that p is the density [137]. It is important to note

diffusivity scales as 7'/7,. This is fulfilled for all investigated temperatures including
the 1050 K one.

We plot the calculated viscosities (equation (4.4.2)), we represent these in an Angell
plot, i.e. logion as a function of T,,/T, together with the experimental measurements
(Fig. [£.11). Note that only a limited number of high temperature experimental mea-
surements can be compared directly to our simulations (GeySesy and GessSegs).

These show a rather good agreement, and Figure provides a validation that the

87



CHAPTER 4: STUDY OF LIQUID GE-SE

high temperature viscosity behavior is rather well reproduced from the AIMD struc-

tural models.
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Figure 4.11: SE estimated viscosities at 1050 K (black) and 1373 K (red) as a function of Ge con-
tent (upper panel). Fitted fragility values using MYEGA (equation {4.4.3))(black)
and VFT functional (equation1.2.4) forms (red), as a function of Ge content (lower
panel).

When represented as a function of temperature, it turns out (Fig. 4.11q) that for

1050 K the obtained anomalous dynamics obtained from the diffusivity or the jump
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probability (Fig. induces an behavior for n that is also non-monotonic with Ge
content. The viscosity shows, indeed, a continuous increase as the liquid becomes
more cross-linked but, interestingly, exhibits a clear maximum for 22-23 % Ge that is
correlated to the minimum in diffusivity (Fig. {.6).

The larger viscosities for such select Ge compositions can lead to lower fragilities
M. In order to access this quantity (M), and although we do not have data close to
the glass transition for obvious numerical reasons, we can use the Mauro-Yue-Ellison-
Gupta-Allen (MYEGA) form that predicts the behavior of 1 with temperature in su-

percooled liquids from:

log n(T, z) = log N (x) + @ exp (%) (4.4.3)

where we have used the value log,, 1..=-4 [188]. This permits to extract the fragility
M as a function of Ge content for the Ge-Se melts, i.e. the low temperature behavior
close to the glass transition from the high temperature numerical data. Results are
shown in Figure but do not compare favorably to experimental measurements
[189,190, 187]). Indeed, the fitted values from the MYEGA equation or from the
Vogel-Fulcher-Tamman (VFT) equation n = 7 exp[A/(T — Tp)] lead to fragility values
that are overestimated (Fig. [.11p) by a factor 3, i.e. we find from the MYEGA fit
M=58 for Ge;s5es, but experimentally it is found M=21 [189] for Ge;7Seg3. Despite
these differences, a non-monotonic trend for M is obtained as a function of Ge content
that is merely consistent with the trend obtained experimentally, i.e. a fragile to strong
modification of Ge-Se melts is observed at Ge compositions found between 20 and
25 % Ge.

Given that other dynamic quantities exhibit for these composition an anomalous
behavior, one can, finally, argue that the strong glass-forming Ge-Se liquids exhibit a
reduced diffusivity and an increased viscosity for select compositions, these behav-
iors being accompanied by additional anomalies that are detected from the Van Hove

correlation function and the intermediate scattering function.

This physical picture revealing the central role played by network rigidity is consis-
tent with conclusions drawn from a compilation of fragility data on network glasses
including chalcogenides and oxides for which the location of the isostatic composi-
tion is determined from calorimetric measurements [191) 189} [192| [193]]. These liquid
fragilities are plotted in Fig. and show that once the composition is rescaled with

respect to the centroid x. of the isostatic composition interval (for example, x. =22.5%
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Figure 4.12: Comparison between the Stokes—Einstein calculated (filled symbols) viscosities
at various Ge-Se compositions and experimental measurements of viscosity (open
symbols) from Stolen et al. [185] Senapati et al [187] and Guegen et al. [186] Note
that only Stolen et al. have investigated the high temperature region where nu-
merical data can be directly compared. The solid lines correspond to fits using the
Mauro-Yue-Ellison-Gupta—Allen (MYEGA) equatiorf4.4.3| that describes with an
increased accuracy the high temperature viscosities as compared with alternative
fitting functionals (for example, Vogel-Fulcher-Tamman, VFT)

in Ge,Sejo_5; [193]), all data exhibit a minimum in M at z ~ .. This not only empha-
sizes that rigidity affects the fragility evolution of melts, a qualitative correlation that
has been reported in the literature for quite some time (ref. 3) and reference therein),
but from Fig. one also realizes that the spatial distribution of atomic scale interac-
tions/constraints is a key feature for the understanding of transport properties during
the glass transition. This conclusion can be only drawn from a detailed inspection of
constraints, accessed from MD on individual atoms. Although further detailed analy-
sis on the constraint behavior of, for example, organic glass formers is necessary, these
results may indicate that liquids with non-directional bonding and, therefore, with a
more probable heterogeneous distribution of interactions will lead to a much more

fragile behavior.
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Figure 4.13: A summary of experimentally measured fragilities in glass network-forming
melts. Experimental fragilities as a function of a rescaled composition correspond-
ing to the centroid of the corresponding isostatic window (or Boolchand phase):
Ge-S[191], Ge-Se [189], As—Se [192], Ge-Sb-Se [193]], Si-Ge-Te. All display a min-
imum at or close to . Note that the minimum for Ge-Si-Te is clearly visible if rep-
resented on an appropriate scale [194]. The trend in composition for TeO2—-V20Os
is highlighted by a thin broken line (P. Boolchand, unpublished results). The solid
line is a global quadratic fit to the whole data sets, and serves only as guide. Stoi-

chiometric compounds are signaled.

4.4.1 Relaxation and interaction range

In this section we investigate the relaxation behavior of liquid Ge,Se;o—, by exam-
ining the intermediate scattering function which is a quantity usually accessed with
X-ray or neutron scattering [195] 196]. From MD simulations, the self intermediate
scattering function F'(k,t) for the species « is given in equation which is also
the Fourier transform [152] of the Van Hove correlation function defined previously
(equation2.6.14). In Fig. we represent the temperature dependence of Fi(k,t) for
a given composition at a fixed wave vector k=2.10 A~! that corresponds to the posi-
tion [73] of the principal peak in the static structure factor S(k). The salient features
of F,(k,t) observed here for Ge-Se systems are comparable to those of other typical

glass forming systems [151}, 197, 198]. At higher temperatures (e.g. 1600 K), the relax-
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ation process takes place in a single step Debye-like fashion. However, as the system
is cooled down to lower 7, the decay becomes more complex and cannot be fitted by
a single exponential anymore, (e~*/7), where 7, represents the structural relaxation
time towards thermal equilibrium. At even lower temperatures, a typical S-relaxation
plateau builds up [12], seen e.g. for ¢t >1 ps at 800 K. This plateau extends to very
long times and becomes of the order of the simulation time for 300 K. In fact, it is
seen from the figure than 1050 K is the lowest temperature over which a full relax-
ation can be achieved on the 20-30 ps timescale, the time domain over which Fj(k,t)

becomes close to zero being associated with the « relaxation regime. Fig. shows
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Figure 4.14: Reciprocal space vector dependence of F(k,t) of GegoSegp at 1050 K for Ge (solid

curves) and Se (broken curves).

the k vector dependence of Fi(k,t) at 1050 K for a fixed composition (GeyySesp). The
represented values of the wave vector correspond to the positions of the FSDP (1 A~1),
the principal peak (2.10 A~!, same as Fig. and the secondary principal peak
(350 A1) of S(k). As previously, one can notice a faster relaxation at a given time
when the reciprocal lattice vector has a larger value, simply because smaller k involve
relaxation on larger scales in real space which leads to larger relaxation times. The re-
laxation at k vectors of the principal and second principal peaks follow a nearly single
step decay analogous to high temperature relaxation, whereas the FSDP related decay
(k~1.0 A) obviously leads to a plateau behavior typical of a S-relaxation process. One
then realizes that even after 30 ps of simulation time the system has not fully relaxed
to Fy(k,t)=0 for k=1.0 AL, Finally, in Fig. we present the relaxation behavior in-

vestigated as a function of composition at 1050 K for selected compositions. It is seen
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Figure 4.15: Reciprocal space vector dependence of F(k,t) of GegoSeg at 1050 K for Ge (solid

curves) and Se (broken curves).

that there is an enhanced slowing down of the relaxation that connects, indeed, with
the anomalous diffusion interval mentioned earlier in this paper. In particular the
Fy(k,t) of GegyxSers exhibits a much slower dynamics and Fi(k,t) is shifted to longer
times, leading even to the presence of a S-relaxation plateau that is formed for both
species, driven by a low diffusivity (Fig. and jump probability (Fig. [4.9). In order
to extract additional information from Fig. and particularly, concerning the relax-
ation time, we fit the long-time behavior of F;(k,t) at low temperature (1050 K) by a
stretched Kohlrausch-Williams-Watts (KWW) exponential decay exp[—(t/7,)°] with 7,
the structural relaxation time and 3 the Kohlrausch exponent REF. The use of such a
fitting form is justified by the fact that at this temperature the liquid obviously under-
goes a complex relaxation dynamics that is certainly not of Debye type as in high tem-
perature liquids. As mentioned above, an inspection of Figureshows, indeed, that
while a single exponential can account for the decay of F;(k,t) at high temperature,
this is not possible in more viscous liquids as several relaxation steps are involved.
For the a-relaxation process occurring in the long time limit when e.g. Fi(k,t) < 1/e,
the use of the KWW fitting functional is, therefore, preferred. The value of the KWW
parameter 8 <1 indicates that the decay of the spatial density correlations extends
over a wide range in time [195, 196, [199| 200], and signals that the relaxation cannot
be described by a simple exponential Debye relaxation. The analysis on the relaxation
times as a function of composition at given temperature (1050 K) and selected k=2.1A
is summarized in Fig. As the lighter Se atoms move faster than Ge atoms, they
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Figure 4.16: Self part of intermediate scattering function Fs(k,t) of Ge (a) and Se (b) at 1050
K and k=2.10A~"! for selected compositions. The horizontal solid line in panel
a corresponds to the value e~ !, whereas the broken line in panel b shows the

Kohlrausch fit at the long time limit of Fi(k, t) for GeasSers

relax at shorter times. Again, with increasing Ge content a non-monotonic trend is
detected that correlates with the one found for diffusion. In particular, the relaxation
time for Ge species peaks at 22 %, in accordance with the minimum in jump probabil-
ities of the atoms (Fig. . The same trend is observed at k=3.5A"'or Ge atoms (not
shown). The results for 7, obtained from the KWW fit are compatible with the simple
estimate F,(k, 7,) = 1/e (open circles, Fig. .16p) that is also used in the literature REF.
Fig. shows that the values obtained from this simple method (open symbols) are
very close to those obtained from the KWW fit, and display the same behavior with Ge
content. Results for the exponent 3 are shown in Fig. and will discussed below
given that J is also found to display a non-monotonic behavior with a deep minimum
found at 22 % Ge.
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Figure 4.17: Fitted relaxation times 7, (a) and stretched exponent 3 (b) of the (Ge,Se) species as
a function of Ge content from the KWW fits. The open circles represents a simple

1

estimate using Fi(k,7,) = e . Error bars are of the size of the symbols. The

green horizontal lines are predicted values for 3 from trap models of relaxation
(3/7,3/5) REF (see text for details).

Fig. leads to additional information regarding the dimensionality of the re-
laxation. In the literature, the Kohlrausch exponent 3 is presented [199, 200] as the
reflection of the degree of cooperativity of relaxation, the smaller the /3 the larger the
collective behavior of atomic motion [151]. The important variation of 5 with Ge con-
tent indicates that substantial changes in the collective behavior manifest in the same
region of interest at 18-22 %Ge. We note, indeed, that the variation of the Kohlrausch
exponent J(x) displays a trend that leads either to a broad minimum centered at ~
22 % from the fit of the Se-related intermediate scattering function Fs(k,t), or to a
deep minimum between 18 and 25 % Ge for the Ge-related function. This evolution
contrasts with previous experimental findings at low temperature for the exponent
in the Ge,As,Se;_,, ternary glasses measured in flexible measurements. Here, it has
been found [201] that 3 steadily increases with Ge content to converge to a value of
0.60 for z >20 %.

At high temperatures (T > T,), the single step Debye relaxation leads to a stretched
exponent 8 ~1 but reduces as T decreases to T,, i.e.,, 3(T— T,;) < 1. The reduction
of 3 usually reflects the contraction of the configuration space available to the super-

cooled liquid, and its stabilization [151] due to structural arrest near T=T,. Building
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on this statement, at a fixed network dimensionality one expects that an increase in the
number of constraints or increase of Ge content will contract the configuration space
given that floppy modes lead to tunneling states in the energy landscape [181], and
this should lead to lower values for g. Fig. obviously does not follow this an-
ticipated behavior as the dimensionality is changing in a non-monotonic fashion with
modifier content. Models of traps [202, 203] for tracer diffusion in a D-dimensional

lattice show that f3 is related to the dimensionality d via:

D

=Dpe

(4.4.4)

and Phillips has shown that this relationship is satisfied for various molecular super-
cooled liquids and glasses [8] exhibiting either a 3D (5 = 3/5) or a 2D relaxation (8 =
1/2). In addition, for the case where an internal structural dynamics takes place, the
dimensionality D must be replaced [8] by an effective one, D.;; that depends on the
range of the interactions, short- or long-range. For instance, it has been shown that the
relaxation of an industrial sodium borosilicate glass decays with a KWW function and
a stretching exponent 3= 3/7=0.42 that corresponds exactly to the value predicted by
diffusion-trap models for a relaxation dominated by long-range pathways [204]. Con-
versely, for a relaxation dominated by short-range interactions, 3 has been predicted to
be equal to 3/5=0.60 [8]]. A recent MD study on energy relaxation [205] has shown that
the potential energy relaxation in model silicates also follows a stretched exponential

decay with this particular stretching exponent of 5=3/5.
In the present Ge-Se system, Fig. exhibits a non-monotonic behavior for both

the Se- and Ge-based relaxation dynamics encoded in §(z). Both species show, indeed,
a larger value for j for Se-rich or Ge-rich compositions, with § ~0.6-0.70 and 8 ~0.60
for Ge and Se, respectively. This value (5=0.60) corresponds to the situation in which
all the relaxation channels are active [8], and this is typically observed for the stress
relaxation in glasses [206}207], and for energy relaxation [205], while being also recov-
ered here. In fact, flexible glasses achieve energy release from low-frequency modes,
whereas Ge-rich glasses display an increased stress due to the higher bond density.
However, for the same range of compositions (20-23 %) where all dynamic anomalies
are detected, 5 shows a minimum that becomes close to the value of 5=0.42 for the Se-
related parameter, and such stretched exponents are typical of long-range pathways
for relaxation [8] that is usually embedded in volume relaxation [204]. One is, thus,
led to believe that Ge-Se compositions found in the region 18-23 % display a rather
different dynamics, associating long-range interactions and volume relaxation rather

than short-range and energy relaxation.
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4.5 Summary and Conclusions

Ge,Se o« liquids and glasses are ideal candidate systems for testing the predictions
of flexible to rigid transitions. The numerical characterization of their structural, elec-
tronic and vibrational properties has been reported in detail both in the glassy and
liquid state, and the general picture in a structural evolution made of a progressive
cross-linking of GeSe,/, tetrahedra into the basic network of Se chains that is found
in elemental selenium that leads to a fully 3D network structure at the stoichiomet-
ric composition (33 %). However, despite these contributions, not much has been
achieved regarding dynamical properties on GeSe,. In fact, we are not aware of any
previous work on simulated dynamic properties in a fashion similar to the numeri-
cal studies of e.g. silica [178] (see however [208]). Much less is also known on such
properties on non-stoichiometric chalcogenides although many different experimental
studies have emphasized the crucial role of composition on glass relaxation, enthalpic
changes at the glass transition [42] and fragility [185]]. In the present contribution we
have used ab initio Molecular Dynamics (AIMD) simulations to investigate in detail
the effect of Ge content on dynamic properties of Ge,Sejy_x melts by focusing on
nine compositions with z <33 %. These compositions belong to the elastic phases
predicted by Rigidity Theory, i.e. a flexible Se-rich phase which contains local defor-
mation modes, a Ge-rich phase which is stressed rigid and locked by an important
bond density, and a compositional interval, the intermediate phase (20-25 %), that has

been revealed from a series of optical and calorimetric measurements.

Having validated the structural models obtained by AIMD in the liquid and glassy
state by comparing with available experimental data from neutron diffraction, we
have then investigated the dynamic properties of the melts by calculating diffusivi-
ties, activation energies for diffusivity, relaxation times, etc. All indicate that melts at
the lowest equilibrated temperature (1050 K) already contain features of the low tem-
perature elastic phases and the rigidity status of the underlying network. This result
seems in line with a previous study on different glass-forming liquids [209], showing
that the fragility of supercooled liquids should be linked with the elastic properties of
the corresponding glass, quantified from the non-ergodicty parameter accessed from
inelastic x-ray scattering. Using the connection with dimensionality and relaxation
pathways established by Phillips [8], we have finally shown that the behavior of the
Kohlrausch exponent 3 may reflect that the relaxation is also driven by the nature of
the underlying interactions. Specifically, for compositions belonging to the interme-
diate phase (20-25 %), the Se-related relaxation degree yields 3 ~3/7, a value that is
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typical of long-range pathways for volume relaxation. On the contrary, for Se-rich or
Ge-rich compositions, one has rather 5 ~3/5 and this indicates dynamics driven by

short-range interactions.
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Chapter 5

Pressure Induced Polyamorphism in

Vitreous Ge-Se

Abstract

Pressure induced structural modifications in vitreous Ge,Se1gp—_x

(where 10 <x< 25) are investigated using XAS along with supplemen-
tary (XRD) experiments and ab initio molecular dynamics (AIMD) sim-
ulations. Universal changes in distances and angle distributions are
observed when scaled to reduced densities. All compositions are ob-
served to remain amorphous under pressure values up to 42 GPa. The
Ge-Se interatomic distances extracted from XAS data show a two-step
response to the applied pressure; a gradual decrease followed by an
increase at around 15-20 GPa, depending on the composition. This in-
crease is attributed to the metallization event that can be traced with
the red shift in Ge K edge energy which is also identified by the princi-
pal peak position of the structure factor. The densification mechanisms
are studied in details by means of AIMD simulations and compared to
the experimental results. The evolution of bond angle distributions, in-
teratomic distances and coordination numbers are examined and lead

to similar pressure-induced structural changes for any composition.

5.1 Introduction

Compression-induced structural modifications in glasses are of high importance due

to the fact that macroscopic properties such as conductivity or compressibility are
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directly affected by the local atomic rearrangements of the phases despite the fact
that chemical composition remains the same. In addition, it is still an unsolved is-
sue weather these polyamorphic transitions can be considered as an extension of the
liquid-liquid transitions. The effect of pressure on chalcogenide glasses, in particu-
lar in the Ge-Se system are discussed in section Despite the experimental find-
ings and simulations carried out regarding the pressure-induced structural changes
in GeSe, and GeSe, glasses, a complete understanding of the underlying densifica-
tion mechanisms leading to the AATs in Ge Sejgo—x glasses is still lacking. Here we
report results of a comprehensive study of the polyamorphic transitions in vitreous
GeySejgo—x with a detailed description of the structural modifications using a combi-
nation of X-ray absorption spectroscopy (XAS), XRD and ab initio molecular dynamics
(AIMD) simulations under pressure up to 41.4 GPa. Our results provide a thorough
insight of the atomic packing rearrangements triggered during the AAT over a range

of compositions including flexible and optimally rigid networks.

52 XRD

XRD results for GeysSers with increasing pressure as an example for all compositions
are shown in Fig. a). A strong diamond diffraction peak due to diamond anvil is
observed at q=3.04 A~!, which was subtracted through the empty cell measurement
from the measured XRD spectra of the samples in order to find the peak positions re-
liably. The q range of the diffractograms allows one to distinguish the typical features
of Ge,Se;_« glasses; namely the first sharp diffraction peak (FSDP) located ~ 1.0 A1
which has been attributed to Ge-Ge correlations [171] and the first principal peak (PP)
at ~ 2.0 A~! in agreement with the values found using neutron or X-ray diffraction in
previous studies of Ge-Se glasses under pressure. With increasing pressure, the FSDP
loses its intensity and vanishes around 4 GPa due to the collapse of the network struc-
ture whereas the PP notably gains intensity, sharpens and shifts to higher q values. It
has been argued that the intensity of the principal peak in glasses can be attributed
to the development of the extended range ordering during densification controlled by
Ge-Se and Se-Se correlations[210].
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Figure 5.1: a) X-ray diffraction patterns of Ges;Se7s with increasing pressure (written on the
continuous curves in GPa unit) and of the measured empty cell (red dashed line).
b) The pressure dependence of the principal peak position of the XRD patterns for
Ge,Sej—,. The black solid lines are guides to the eye, marking the high and low

pressure regimes while the dashed lines indicate the transition in Ge;7Seg3 glass.

No sign of crystallization was observed up to a maximum pressure of 41.4 GPa
for Gey7Segs and up to 20 GPa for the other compositions studied. The PP positions
that have been found through Gaussian peak fits as a function of increasing pressure
are given in the Fig. b). It can be seen that at ambient pressure the position of
the PP increases as the network stiffens (i.e. increasing Ge content). A more detailed
analysis shows that two different trends exist in the densification of Ge;7Seg3 which
could be traced with the linear line . A rather fast increase of the PP position with a
slope of 0.0267 & 0.0015 A~'GPa ! and a slow down having a slope of 0.0098 + 0.0008
A~'GPa™! after ~ 15 GPa. This change in slope indicates the existence of a pressure

induced transition with structural modifications.

5.3 EXAFS

X-ray absorption near edge structure (XANES) spectra at Ge and Se K edge for vitre-
ous Ge,Se;_y at ambient pressure are shown in Fig. a) and 2 b), respectively. The
spectrum for each composition is shifted by 0.25 at the p(E) axis. At the Ge K edge,

a prominent absorption peak implying the transition between 1s orbital and the un-
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occupied states (the white line) to be located at ~ 11.107 keV with a shoulder peak
found at ~ 11.113 keV. The intensity of the shoulder peak is observed to decrease and
eventually vanish under pressure (not shown). Similarly at Se K edge, a strong ab-
sorption peak is located at ~ 12.657 keV followed by a shoulder at ~ 12.665 keV. Fig.
c) and d) shows the EXAFS spectra of Ge;7Segs glass at selected pressures at Ge
K and Se K edges, respectively. The changes in the oscillations with increasing pres-

sure can be seen clearly. The evolution of the average Ge-Se interatomic distance for
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Figure 5.2: Normalized X-ray absorption spectra at the a) Ge K edge and b) at the Se K edge
of amorphous GeySe;_x at ambient pressure. EXAFS oscillations of Ge;7Segs at the
c) Ge K edge and d) at the Se K edge under selected pressure points collected using
DAC.

Ge;7Segs and GeyySeg) as a function of increasing pressure extracted from EXAFS data
is compared with the AIMD results for Ge;sSes, in Fig. a). Here we provide se-
lected compositions to represent the structural response in terms of the average Ge-Se
bond length. For Ge;;Segs at pressures below 13 GPa the average Ge-Se bond length
shortens by about 0.02 A. This bond compression is followed by an abrupt increase
in Ge-Se bond length that is observed in the pressure range 15 GPa < P < 20 GPa re-
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sulting in an elongation of about 0.09 A. An increment of 0.00725 A? in the variance

parameter o

with the higher disorder in the distribution of the first shell neighbors. After reach-

accompanies the sudden change in the Ge-Se bond length associated

ing a maximum around 22 GPa, the average bond length decreases with a parabolic
dependence on pressure. Thereby, this compression suggests that the high pressure
modification has already been achieved with the sudden increase in the Ge-Se inter-
atomic distance corresponding the slope change in the PP position of XRD pattern.
Similarly for GeyySegy a bond compression is followed by a sudden increase in the Ge-
Se distance at around 17 GPa and continues to increase up to ~ 20 GPa, reaching a
value of ~ 2.44 A. This result is inline with the previous study on GeyySego[77]. In con-
trast to Ge;7Segs, due to lack of pressure points at P > 20 GPa, the decrease of Ge-Se in
the high density amorphous (HDA) phase is not observed. Nevertheless, further in-
crease in the applied pressure should lead to a bond compression in the high-pressure
structural motifs as shown for Ge;;Segs. At this stage, in the light of XRD and EXAFS
results under pressure, evidence of a threshold behavior in the structural response of
Ge;7Segs to the applied pressure is detected around 17 GPa both in reciprocal and real
space. The AIMD results of Ge;7Ses3 agree well with the experimental under pressure,
providing a very similar trend. Note that the Ge-Se distance at ambient pressure is
underestimated compared to the values extracted from EXAFS. These minor differ-
ences that occur due to the local dependence of the exchange correlation kernel f,,. on
the electronic density are generally accepted in AIMD simulations as noted in earlier
studies [211},49]. Detailed investigations on different bond lengths upon compression
are discussed in following sections. The average Ge-Se distance decreases under pres-
sure values up to ~ 10 GPa. Subsequent to this decrease, a dramatic bond elongation
is observed upon further compression and around 15 GPa, the average Ge-Se bond
length recovers to its ambient pressure value. This increment is followed by a similar
rate of change until 22 ~ GPa and eventually a drop in the slope of the curve is ob-
served towards 32 GPa. Invariably, other flexible compositions that are generated by
AIMD have shown a similar behavior under pressure ; an initial bond compression in
the low density amorphous (LDA) phase in the early stages of densification followed

by an evident transition monitored by an increase in the average Ge-Se bond length.
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Figure 5.3: a) Evolution of the Ge-Se interatomic distance as a function of increasing pressure.
The filled symbols represent Ge;7Sess (black) and GeaSegy (red). The open dia-
mond symbols are AIMD results for Ge;gSegs. The estimated error bars are shown
separately in the graph. The red dashed line corresponds to the intercept of low
and high pressure regimes shown by the pressure dependence of the PP position in
Fig. [5.1]b). b) Energy decrease in the Ge K absorption edge position with increas-
ing pressure of Ge;7Segs . In the inset, the XANES spectra of selected pressures are

compared to illustrate the edge shift.
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Fig. b) reveals the pressure dependence of the energy variation in Ge K edge
position of Ge;;Segs. A gradual shift in the edge position towards lower energies of
about ~-1.4 eV is followed by a rather slower decrease at P > 20 GPa. The nega-
tive shift in the edge position is attributed to the semiconductor to metal transition
which was shown in chalcogenides under pressure with EXAFS[90, 9] and electrical
conductivity[77] measurements. In the inset of Fig. [5.3]b) the clear change of the red
shift is demonstrated at selected pressures. The closing of the band gap is valid for
all compositions under consideration. In contrast with the Ge K-edge shift towards
lower energies, Se K-Edge XANES spectra revealed no significant change in the edge
position upon compression for all compositions, as observed in earlier studies on the
stoichiometric compound GeSe; [90]. Another feature observed in Ge K edge XANES
for the compositions under consideration is the area decrease in the shoulder peak of
the white line. Previous studies have interpreted as the angular variations between
tetrahedra [90, 212]. On the other hand, the shoulder peak in the Se K edge XANES
spectra is observed to shift to higher energies (i.e. increasing about ~ 6.5 eV up to 19.3
GPa for GeySesy) which may be an indication of the changes in the inter-layer Se-Se

correlations.

5.4 [Equation of State

We have analyzed the structural changes in terms of AIMD simulations in order to
track the alterations in the atomic arrangements responding to the applied pressure. In
Fig. We provide the calculated volume change of glassy Ge,Se;_x AIMD trajectories
as a function of pressure and compare them with experimental measurements where
available. The results show that the equation of state of AIMD generated amorphous
Ge,Se;_y are very well reproduced. The simulation data were fitted by both second
and third-order isothermal Birch Murnaghan (BM) equation of state (EoS) ; for for
GegoSeg the fits yields a bulk modulus By of 10.51 £+ 0.31 GPa and 11.04 + 0.76 GPa
with the first pressure derivative B; being 4.25 £0.15, respectively. These results agree
well with the experimental values with By = 10.4 +0.14 GPa and B; = 6.0 £0.11 for
GegpSego[93]. As for GegsSegs, a second-order BM fit gives a By of 10.64 + 0.18 GPa.
Note that these values were obtained by fitting to all pressure points. It has been
shown earlier that LDA phase has a smaller bulk modulus compared to that of high
density amorphous (HDA) phase [77]. In this respect a value of 9.44 + 0.02 GPa is
obtained for GeySesy when a second-order BM EoS is fitted in a range of 0 to 9.7
GPa,where the LDA to HDA transition is detected. We will discuss the issue further
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Figure 5.4: The pressure-volume equation of state for amorphous Ge,Se;_,. The results ob-
tained by AIMD (filled diamond symbols) are compared to the measured data of
GegoSeso [77, 93], Gei7Sess and GegSeg2[88] (open symbols) The solid lines rep-
resent third-order Birch-Murnaghan equation of state fits to the simulation data
and the corresponding data are presented with 10% internal displacement in the

reduced volume axis.

the following sections. Similarly a LDA bulk modulus is calculated as 11.09 4 0.23 GPa
for Ge sSes, which is in good agreement with the result obtained by a direct volumetric

stduy for a similar composition Ge;7Seg; yielding a bulk modulus of 11 GPa[88].

5.5 Pair Distribution Functions

The computed real space properties of Gey;Ser; are presented in Fig 6. The evolu-
tion of coordination numbers with increasing pressure scaled to reduced densities, the
density at a given pressure point, p, divided by the density at ambient pressure, py,
is shown in Fig 6 a). The coordination numbers at ambient pressure calculated by
AIMD follow the 8-N rule; Ge having 4 and Se having 2 neighbors in the first shell,

and effectively agrees well with the relation: 7 = 2 + 2z, where z is Ge mole frac-
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tion for all the compositions studied (eg. Nigeyses, = 2.4 and Nige,5e, = 2.2). During
compression 7 changes slightly in the early stages of densification. However, a distin-
guishable coordination change takes place at around p/py ~1.4. The coordination of Se
atoms markedly increases which is accompanied by the increase of Ge coordination at
p/po ~ 1.6. These changes are connected to the transition of the low-pressure to high-
pressure modification. During this stage Ge atoms reach an octahedral coordination
(with a considerable fraction of five fold Ge) while the Se coordination increases and
majority of the atoms become 3-fold coordinated (again with some fraction of 4-fold
Se). At about 22 GPa the average coordination of Ge and Se atoms reach to 4.87 and

2.59, respectively. The calculated pressure dependence of the partial pair distribution
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Figure 5.5: AIMD results of GeasSe7s . a) The reduced density dependence of the coordination
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number. Here, the cut-off distances for the calculation of the coordination numbers
are defined by the position of the first minimum of the total pair distribution func-
tions, r = 2.85 A. The gradual increase in the coordination of Ge and Se atoms
becomes pronounced around p/pg = 1.4. The calculated partial pair distribution
functions b), c) and d) as a function of pressure. Note that the evolution of Ge-Se

bond length could also be traced in a trend similar to what is observed in Fig.
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functions (g;; where i, j = Ge,Se) of GessSers are shown in the other panels of Fig.
The typical features of the pairs that were shown earlier with neutron diffraction in
Ge-Se glasses [73] are well reproduced. For the case of ggece, three main peaks are
noticed at ambient pressure at 2.46 A 3.02 A and 3.61 A respectively. These values
agree with earlier findings[49]. The first peak is associated with the homopolar Ge-Ge
bonds. These homopolar bonds are absent at ambient pressure for the other composi-
tions studied that are generated by AIMD simulations due to the fact that they are Ge
deficient as compared to Ge,;Se7; (not shown). However during the quenching of the
liquid state, some of these features may be trapped and preserved in the glassy state.
Thus for the simulations of the Ge deficient compositions, the independent quenches
which contained no "'wrong bonds” were used for cold compression. Nevertheless, for
Ge;sSegy , homopolar Ge-Ge bonds were unavoidable, leading to a partial coordina-
tion number ngece ~ 0.09 for each quench to ambient pressure. The second peak of
gcece 1s assigned to the edge sharing (ES) tetrahedra distances whereas the third peak

indicates the corner sharing (CS) bonding distances.

During compression, the first peak associated with homopolar Ge-Ge bonding dis-
tance remains nearly the same below 3 GPa and notably increases until reaching a
maximum at around 9 GPa. Up to this point the homopolar Ge-Ge bonding has an
overall shortening of about 0.06 A. Further densification causes a decrease in the inten-
sity. Unlike the first peak, the ES peak loses intensity upon compression while shifting
to shorter distances, and at 4 GPa, it completely vanishes. For the case of the CS tetra-
hedra distances, again a two stage behavior is observed ; a shift to shorter distances in

the peak position until 10.5 GPa followed by an increase upon further compression.

The main feature of the gg.s. is the strong peak located at 2.36 A which was also
found at the same distance for the stoichiometric compound GeSe, by previous neu-
tron diffraction[73] and EXAFS[90] studies. This peak defines the Ge-Se correlation
distances within a tetrahedron. Upon compression significant changes take place in
the peak shape and position. In particular, the intensity of the peak slightly decreases
at around 3 GPa. This decrease is followed by a substantial intensity loss at 4 GPa to
nearly half of the value of the peak at ambient pressure which is then followed by a
gradual intensity loss until 8.9 GPa. Another significant drop is observed at this stage,
corresponding to the rapid coordination increase and the peak broadens evidently.
The evolution of peak position of the first peak of gs.s. with increasing pressure is
remarkable. A bond compression similar to what is observed in the Ge-Se pairs in
Ge;7Segs extracted from EXAFS signals is present below 8.9 GPa. Up to this point

the Ge-Se interatomic distance decreases of about 0.04 A. Subsequent to this drop, a
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marked increase in the Ge-Se distance can be traced accompanying the rapid coordi-
nation increase indicating the high pressure modification transition. At the highest
pressure, Ge-Se distance reaches ~ 2.40 A . Finally gses. eexhibits two main peaks
at the ambient pressure. The first peak is located at 2.37 A defining the homopolar
Se-Se bond whereas the second is found at 3.85 A and corresponds to the distances
associated with the edge distances of tetrahedra. The intensity of the homopolar peak
decreases with increasing pressure. The bond length again starts to increase strongly
after 8.9 GPa in a similar manner to Ge-Se bond length. On the other hand the second
peak shifts to shorter distances under compression. The distance corresponding to the
edges of tetrahedra decreases gradually to reach a minimum value of 3.40 A at 21.8
GPa. The detailed analysis on the atomic trajectories have shown that this distance
correspond to as the edges of an octahedron. A shoulder peak at around ~ 3.05 A
evolves until 10.5 GPa and then merges with the main peak that corresponds to the
octahedra edges. This peak is associated with the distance of three or four fold Se-Se
correlations connecting separate four or five atom rings that consist of one or more Ge
atom that will eventually transform into octahedra. Note that even at 21.8 GPa a full

octahedral state is not achieved.

5.6 Neighbor Distances and Bond Angle Distributions

The pressure modifications reflected on the interatomic distances that are shown for
Gey55e7; are representative for the other compositions under consideration. The par-
tial pair distribution functions respond in a similar way to the applied pressure. In
particular AIMD results showed that the ES peak of the gges. vanishes for all com-
positions and homopolar Ge-Ge peak appear while the CS peak shifts to shorter dis-
tances. Moreover, the average Ge-Se bond length evolution extracted for Ge;,Ses, and
GeyoSey is inline with Fig. 5.3|a) : a gradual bond compression followed by a signifi-
cant increase around ~ 15 GPa. To get further insight on the densification mechanism,
we now turn to the detailed investigation of the neighbor distance variations under
compression. Fig. a) shows the computed evolution of the average distance de-
composed into the neighbors around a Ge atom of selected composition as a function
of reduced density. As the applied pressure increases the bond length of the second
shell neighbors, the fifth and the sixth neighbors, decrease in a parabolic behavior for
all compositions. On the other hand, the first shell neighbors display smaller varia-
tions. An intriguing feature is that the distance evolution of the second shell neighbors

starts to decrease more rapidly around p/py = 1.4, where they effectively become the
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part of the first shell. Consequently these results show that the transition from the low

pressure to the high pressure modification is triggered by the merging of the second

shell neighbors which is followed by a substantial increase in the coordination number

at a certain threshold and evidently this mechanism applies to all the compositions un-

der consideration. We now turn to bond angle distributions (BAD) to provide further
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Figure 5.6: a) Calculated interatomic distances evolution of selected compositions as a func-

tion of p/pg the filled squares shows the average distances within the first shell
consisting of 4 neighbors while the half filled circles show the average distances of
the 5th and the 6th neighbors. The dashed red line corresponds to the minimum
rmin Of the pair correlation function, and serves to split the first from the second
shell of neighbors. b) Computed bond angle distributions Ge-Se-Ge with increas-
ing pressure for GegoSesy ¢) Reduced density dependence of the angle distributions
split into neighbor number of the selected compositions obtained from CPMD sim-
ulations. Here 0 stands for a central Ge atom in a tetrahedron and the numbers
1,2,3,4,5 and 6 represent the neighbors (i.e. 102 indicates the angle between the first
and 2nd neighbor of the central Ge atom labeled 0. d) Computed bond angle dis-
tributions Se-Ge-Se with increasing pressure for GeyoSegy. The color code in panel

b) is the same as in panel d).

insight into the densification of Ge,Se;_,. Fig. shows the variations in the BAD of

GegSegp under pressure. Here GeySeg illustrates the common behavior observed in
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all compositions generated by AIMD. Fig. [5.6]b) shows that at ambient pressure, two
main peaks are present in the Ge-Se-Ge BAD located at ~80° and 100 ° that are asso-
ciated with ES and CS tetrahedra, respectively. During compression, the former loses
intensity in contrast to the increment in that of the latter. At around 9.6 GPa the peaks
merge and further compression leads to a broad peak centered at 90° with a shoulder
at 100° as the system globally transforms from a tetrahedral to an octahedral coordina-
tion. A closer look into the atomic trajectories indicates that the shoulder peak at 100°
is associated with the Ge-Se-Ge angles in the rings that contain five atoms. Fig. [5.6|c)
exhibits the Se-Ge-Se BAD under pressure. A strong peak centered at ~ 110° defining
the tetrahedra. The intensity of this peak reduces during the low pressure modifi-
cations analogous to the intensity loss as the Ge content increases [49]. An explicit
intensity drop occurs from 6.7 GPa to 9.6 GPa and the peak position moves to ~ 100 °.
This change is connected to the marked increase in the coordination number. Further
compression yields to the continuation of the shift towards smaller angles reaching to
the octahedral angle, 90°(confirmed by the emergence of a smaller peak around 170-
180 degrees). Fig 8 d) demonstrates the changes in BAD decomposed to the neighbor
contributions around a Ge atom under pressure for selected compositions. The aver-
age BAD of the first shell neighbors, 102, 103 and 104 contributions, that are around
~ 110° at ambient pressure remains nearly at the same angle with slight fluctuations
until p/py ~1.4. During this pressure interval the average second shell contributions,
105 and 106, move around ~ 80°. Remarkably, again, further densification after p/po
~1.4 induces a coalescence in the BAD of the first and the second shell neighbor con-
tributions, reaching to 90°. At p/p, >1.4, the increment in the BAD of the 105 and 106
contributions are somewhat similar. On the other hand a rather parabolic decrease is
observed starting from p/p, ~1.4 for the first shell neighbor contributions to BAD of
GeypSegy unlike the compositions with higher Ge content for which the BAD in the

first shell decays more rapidly to octahedral angle.
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5.7 Octahedrality and Coordination Numbers
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Figure 5.7: Evolution of 6 fold coordinated Ge atoms as a function of reduced density. The
inset shows the changes of various Ge environment in Ge;gSegs over the whole

pressure range of the AIMD simulations.

The tetrahedral to octahedral conversion can be traced by looking at the coordination
geometry around a Ge atom. Fig. shows the evolution towards octahedrality as a
function of reduced density for Ge,Se;_«. The inset of the figure exhibits the interplay
between 4, 5 and 6 folded Ge atoms in Ge;sSeg; under compression. The tetrahel-
dral configuration at ambient pressure is maintained at a constant value for all the
compositions under consideration during the low-pressure modifications. Indeed, the
percentage of 4 fold coordinated Ge atoms is maximum for the isostatic composition
GegoSegp. The small variations from a perfect tetrahedral connection observed in the
other compositions are due to 2- or 3- folded atoms. Upon compression, around ~
p/po= 1.2 an increase in the amount of 5 fold coordinated Ge atoms is detected, while
the Ge-Se bond compression still takes place. The onset of the LDA to HDA phase
transformation is located at ~ p/py=1.4 for all compositions, manifested by the nu-
cleation of the octahedra. The simultaneous decrease in the number of tetrahedral
connections accompanying the appearance of 6 fold coordinated Ge atoms can be ob-

served in the inset of Fig. A tully octahedral coordination is not achieved within
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the compression range of our simulations, reaching up to 32 GPa for Ge;sSegs. Another
very interesting observation can be deduced from of Fig 9 is the composition depen-
dence of the rate of change in LDA to HDA transformation. The rate of increase of
percentage of the octahedraly connected Ge atoms decreases as Ge content increases.
In other words, the AAT becomes more diffuse as the network stiffens. Finally we
show the AIMD computed average coordination number normalized to the value at
ambient pressure (eg. n = 2.2 GeyoSeq at p/py ~= 1) as a function of reduced density
in Fig. [5.1ID. Again, the trend in the average coordination numbers is the same for all
compositions studied; a marked increase in the coordination after p/py >1.4, signify-
ing the LDA to HDA transformation. A transition zone is suggested in Fig. [5.9 below
which only the low-pressure modifications take place. This result demonstrates a uni-
versal behavior in the densification mechanisms for target Ge,Se;_y, and indicates the
transition from a low density amorphous to high density amorphous around p/p, >1.4

regardless of the Ge content.
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Figure 5.8: Normalized total coordination number as a function of the reduced density for
the selected compositions of GeSe;_x obtained from CPMD calculations. Here the
y axis represents the total coordination number at a given p divided by the total
coordination number at ambient pressure. A global behavior is clearly observed
for all the compositions with a marked increase in the coordination number starting

around p/py = 1.4.
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5.8 Discussion

Our XRD measurements show no sign of crystallization under pressure, thus the amor-
phous nature of the structure is preserved up to 20 GPa for all compositions, in partic-
ular up to 41.4 GPa for Ge;;Segs . However an in the intensity of the PP upon increas-
ing pressure is observed. The intensity of the PP has been related to extended range
ordering in previous studies[210]. In addition to this, the vanishing of the FSDP in
the early stages of low-pressure modifications indicates the collapse of the IRO, as re-
ported earlier[75]. A significant observation out of our XRD analyses is the shift in the
PP position under pressure. We have detected a two step behavior appearing around
15 GPa for Ge7Ses; agreeing well with what was observed for Gey,Seg in a previous
study [77]. Note that in order to distinguish the two-step slope in the PP position, one

should have sufficient number of pressure points in the HDA region.

The EXAFS data gave us access to crucial structural information. The average bond
length calculated through the Fourier transform of the EXAFS signal give values be-
tween 2.366 A and 2.372 A for Ge-Se and 2.354 A and 2.366 A for Se-Se correlations
within the first shell neighbors which are in line with the previous scattering and ab-
sorption experiments. We did not focus on the Se-Se distances due to the fact that
the pressure modification are reflected dominantly on Ge-Se interatomic distances in
Ge deficient Ge,Se;_x. One of the main results is the evolution of the average Ge-
Se distance under pressure. The bond compression in LDA phase is followed by a
sudden increase in the Ge-Se bond length. The pressure at which this jump occur
corresponds to the slope change observed in the PP position, suggesting existence of
another densification mechanism taking place in the structure. The Ge-Se bond elon-
gation can be inferred as the tetrahedral to octahedral transformation. We support this
argument with the AIMD results on the interplay between percentage of the 4 and 6
fold coordinated Ge atoms. Therefore we have shown a clear evidence for the transi-
tion from LDA to HDA phase occurring within an interval of 15-20 GPa. Moreover,
within the compression range of our simulations, a considerable amount of 5 folded
Ge was found in the network. From the EXAFS data, a bond compression in the HDA
phase is identified with the average Ge-Se bond length shortening after 20 GPa for
Ge;7Segs. Even though this bond shortening is not reproduced in the pressure range
for the AIMD of Ge;55es,, the observed slowing down in the increment of the average
Ge-Se bond length with increasing pressure coincides with the decrease in the amount
of 5 folded Ge atoms. Thus the degree of octahedrality continues to increase during

the compression of HDA phase along with simultaneous drop of 4 and 5 folded Ge
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atoms after a certain threshold. A semiconductor to metal transition is identified with

o

Figure 5.9: Atomic configurations of GeyySegy for LDA (right panel) and HDA (left panel)
phases where Ge atoms are pink and Se atoms are yellow. The bars are drawn to
highlight tetrahedral (right panel) and octahedral (left panel) coordination environ-

ment of a selected Ge atom.

the negative shift in Ge K absorption edge (about -1.4 eV ) under pressure. Similar re-
sults have been shown regarding the closing of the band gap with optical and XANES
experiments as well as ab initio simulations. Note that the negative edge shift occurs
for all the compositions and the metallization event may not necessarily coincide with
the increase in the average Ge-Se bond length due to the fact that the half of the gap

closure is already achieved during the low-pressure modifications[91]].

Our experimental results have shown that the pressure effects are reversible, except
for Gey7Sess. Unfortunately, a detailed explanation as to how decompression affects
the real and reciprocal space properties can not be done due to the lack of data points.
Nevertheless, we can speculate on Gegs;Sers for which we have two data points dur-
ing decompression, 5.35 and 0 GPa, respectively (not shown). The PP in XRD pattern
and the edge position in XANES as well as also the Ge-Se distance are observed to
be recovered at ambient pressure after decompression, showing a hysteresis. Earlier
studies have shown the existence of such hysteresis for various chalcogenides under
pressure, the width of which depending on the extend of compression, using EXAFS,
XRD and ab initio atomic simulations[82, 77, 91, 92]. As for the case of the differences
between uncompressed and decompressed states of Ge;7Ses; at ambient pressure may
be due to an artifact in reading the decompressed pressure particularly for that mea-
surement, since the decompressed properties in real and reciprocal space correspond
to that of the region between 4-7 GPa.

We also provide information as to how the LDA to HDA transformation kinetics

115



CHAPTER 5: PRESSURE INDUCED POLYAMORPHISM IN VITREOUS GE-SE

are affected with Ge content. Unlike the first order phase transformations observed
in crystals, the AATs can have jump-like (analogous to first order transformations) or
rather sluggish kinetics of transformation depending on the the stress level between
the high pressure nuclei and the parent phase. Simple amorphous systems such as a-
Si and a-Ge, as well as amorphous H,O, have been shown (ref [213] and references
therein) to exhibit sharp AATs, whereas network forming oxide and chalcogenide
glasses such as GeO, and GeS, have been identified with the wide range AATs un-
der pressure[92]. Our AIMD simulations demonstrates similar outcomes. The rate of
AAT which is governed by the tetrahedral to octahedral transformation is observed to
be inversely proportional to Ge content, in other words the network rigidity in amor-

phous Ge,Se;_.

The pressure modifications that take place during the AAT mainly involve the con-
vergence of the second shell neighbors with the first shell neighbors, as shown by our
atomic simulations. This change is accompanied with the bond angle distributions of
the related neighbors. In particular, the second shell neighbors defining the ES and CS
Ge-Se-Ge angles merge with the tetrahedral angle of the first shell neighbors, even-
tually reaching to the octahedral angle. Furthermore, these structural modifications
take place at a unique threshold when scaled to reduced densities, at p/py =1.4. Con-
sequently, these changes are reflected on average the coordination numbers. Another
main result of this study is the universal behavior detected in the average coordination
number during the transition from LDA to HDA phase in vitreous Ge,Se; _.. Although
detailed thermodynamic studies are required to elucidate the physical origin of the
threshold p/py =1.4. At the present stage, we can only speculate that the coordination
changes leading to redistribution of the stress that has been accumulated during the
bond compression in the LDA phase ultimately leads to an octahedral configuration

which corresponds to a different basin in the energy landscape.

5.9 Conclusions

In this work, we have investigated the pressure-induce polyamorphism in vitreous
Ge,Se;_y using a combination of EXAFS, XANES, XRD experiments along with ab
initio simulations. We have identified the LDA to HDA phase transition with the elon-
gation in the average Ge-Se bond length using both EXAFS and AIMD simulations.
Our results show that the convergence of the second shell neighbors to the first shell

gives rise to the marked coordination change can be seen as signature of the AAT. The
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main outcome of our work is the universal threshold parameter at which the LDA
phase starts to give high density octahedrally coordinated phase. The transforma-
tion is found to be taking place in a range of pressure values. The pressure range of
the transformation is shown to be dependent on the network rigidity. The observed
structural changes seem to be reversible within the limitation of decompression data.
Although our work contributes to the understanding of the polyamorphism in many
aspects, further thermodynamic evidences are required to have a full grasp of the un-

derlying physics.
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Chapter 6
Polyamorphism and Rigidity

Abstract

Density driven amorphous to amorphous transformations are gener-
ally observed in glasses having tetrahedral environments. Here, we re-
port on the evolution in structural changes of the isostatic composition
GegpSegp, investigated by AIMD simulations at pressures up to ~ 50
GPa and compared to the X-ray and neutron scattering experiments in
the literature where available. A good agreement with the experimen-
tal results are observed with no sign of crystallization. After having
validated our results with the experimental findings on GeySegg, we
present results for other compositions encompassing the elastic phase
transition of Ge-Se system. We discuss that the rigidity concept can be

extended further to explain polyamorphic transitions.

6.1 Introduction

Network-forming glasses may undergo structural changes with the applied pressure
which lead alterations in their physicochemical properties. Chalcogenide glasses hav-
ing enhanced structural variability due to the bonding environment compared to ox-
ide glasses results in discrepancies in their structural response to the applied pres-
sure. In the case of binary chalcogenides, little is understood as to the nature of the
polyamorphic transitions. In this chapter, we further investigate the polyamorphic
transitions by using AIMD simulations. We select the composition at the rigidity per-
colation threshold, Ges,Seg, for which the number of constraints is equal to number of

degrees of freedom (i.e isostatic system). A detailed comparison is made with available
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experimental results. Subsequently we will provide information regarding the pres-
sure response of other compositions such as Ge;(Seyy, Ge14Sess, Ge1sSesa, GeaaSers, and
GegsSers. The link between ambient pressure rigidity of the system and the pressure

induced transformations will be discussed.

6.2 Reciprocal Space Properties

Fig. shows the AIMD calculated total structure factors for GeySeg, during com-
pression compared to neutron (Sy(k)) (Bouzid et al.[94]) and X-ray (Sx (k) (Kalkan et
al. [77]) diffraction experiments. The calculated structure factors show a good agree-
ment with experimental findings over the entire pressure range. It can be noticed from
the simulations that the amorphous nature of the system is preserved until 49.2 GPa,
in agreement with the XRD results shown in the previous chapter for Ge;sSeg,, indi-
cating no crystallization up to 42 GPa, experimentally. The typical ambient pressure
features of the reciprocal space (the FSDP atk ~ 1.15 A-1, PP atk ~2.05 A~!, and PP2
at ~ 3.62 A~1) are well reproduced along with the oscillation in higher k vectors (8-
12 A1) when compared to neutron diffraction results. The FSDP broadens and loses
intensity as the pressure is increased and completely vanishes at around 7 GPa, as re-
ported earlier for other chalcogenide systems under pressure. Meanwhile the PP shifts
to higher k values and a peak sharpening observed which is coupled with an intensity
increase. Similar observations can be made for the PP2. It is worth noting that the X-
ray results show a more pronounced sharpening effect upon compression which was
argued to be related to the higher resolution function used as compared to the neutron
diffraction results (ref [94] and therein). At higher pressures starting from 20 GPa, a
peak located around k ~ 5 A~! starts to build up and becomes more pronounced as
the pressure is increased. At pressures above 32 GPa, this peak is well separated from
the PP2. The main contribution to the appearance of this peak is provided by the Se-Se
partial structure factors and also its feature is enhanced by the drop in the intensity of

Ge-Se partial structure factor around k ~ 4.6 A~! which are not shown here.

Important structural information can be found by investigating the behavior of the
PP under pressure. Fig. shows the AIMD calculated evolution of the PP during
compression and compared to XRD measurements carried out by Kalkan et al. [77]
with the corresponding decompression data. The PP position shifts to higher q vectors
in the below 13 GPa with a slope of 0.0278 + 0.002 A~'GPa~". Subsequently, a slower
rate of increase is observed at higher pressures with a slope of 0.008614 0.0008 A~".
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Figure 6.1: Pressure dependence of the total structure factor for Gez(Segg. AIMD computed
results (black curves) are compared to neutron diffraction (red curves) [94] and X-
ray [77] diffraction (blue diamonds) results. Here, the first pressure value indicated
corresponds to the simulations while the second is for the experimental pressure

points.
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These results are in line with the work by Kalkan et al. [77] where the slopes of the

low and high pressure regimes were given as 0.024 + 0.001 A-'GPa~! and 0.011 +

0.001 A-'GPa!, respectively. As it was mentioned in the previous chapter the change

in slope is indicative of the existence of a pressure induced transition in structural

modifications.
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Figure 6.2: Computed pressure dependence of the principal peak position of the total struc-

ture factor (black spheres) compared to the experimental results of Kalkan [77] et

al during compression (filled red diamond symbols) and decompression (open red

diamond symbols). The solid black lines are the linear fits marking two differ-

ent pressure while dashed vertical line is a guide to the eye for critical pressure.

The inset shows the calculated normalized stress G as a function of normalized

strain g (see text for details) compared to X-ray diffraction experiments by Kalkan

et al.[77] (open red diamond symbols) and Skinner et al. [93] (open blue diamond

symbolds).

Following the work of Jeanloz [214], the equation of state that was shown in the
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previous chapter can be further analyzed. Defining a normalized stress G = P/(3(1 +
29)*/?)) and an effective strain g = 1/2[(V/ VOQ/ %)] which are expressed as the applied
pressure P and volume of the simulation cells at ambient pressure 1 and at a given
pressure point V. The corresponding GG — g behavior of GeySes, are shown in the inset
of Fig. where the AIMD calculated results were compared to the XRD measure-
ments of Skinner et al. [93] and Kalkan et al. [77]. A similar two step behavior is also
valid in the G — g plot at 9.6 GPa for simulation results, which is quite close to the
experimental value (10.1 GPa [77]).

One advantage of such G — g plot can be given as characterizing low and high
pressure behaviors by relating the the discontinuities of the isothermal compressibility
xr which can be found using the relation dG/dg ~ (k7 + P). The compressibility
values for the LDA and HDA phases were found as 0.10(4) x 10~% Pa and 0.005 107,
respectively. These values agree well with the experimentally obtained values which
are in the range of 0.05-0.10 x 10~ for LDA [93, 77, 215] while the value for HDA was

determined to be of about 2 times smaller [77]].

6.3 Real Space Properties

We now turn to the real space properties. Fig. shows evolution of the computed
total pdf under pressure for Ges;Segy compared to neutron diffraction (ND) results of
the ref. [94]. It appears that there is a good agreement between our simulations and
the ND measurements at ambient pressure. The first peak located at ~ 2.36 A and the
second peak at ~ 3.85 A are well reproduced. It should be noted that the intensity of
the first peak at ambient pressure is slightly overestimated in simulations compared to
the experiment. An overall agreement between ND and AIMD results can be observed
for the pressure behavior of the pdf. Upon compression the first peak loses intensity
and shows a peak broadening. The position of this peak follows a similar trend to
what is observed in Ge-Se bond length under pressure (see Fig. [5.3). The changes in
this peak is directly reflected on the total coordination numbers (Fig. [6.5). The second
peak continuously move to lower r values while losing its intensity along with a sim-
ilar peak broadening. Fig. shows the evolution of the partial pdf under pressure
calculated with AIMD simulations. At ambient pressure one notices an absence of
Ge-Ge homopolar bonds. This agrees with calculated coordination numbers (Fig.
where i = 2.4 at ambient pressure with ng. = 4 and ng. = 2, indicating predominant

Ge(Sey /)4 units in the structure. The homopolar Ge-Ge bonds appear with increasing
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Figure 6.3: Pressure dependence of computed (black curves) total pair distribution function

for GegoSegp are compared to neutron diffraction experiments [94] (red curves).
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pressure and reaches a maximum intensity at around 15 GPa. Above this value a de-
crease in intensity is observed which is reflected to the Ge-Ge homopolar fraction (inset
of Fig. [6.6). It can be seen that the peak corresponding the Ge-Ge inter-atomic distance
forming the ES tetrahedral connection (at around 3 A ) loses intensity and completely
vanishes at 12.1 GPa while the peak corresponding CS broadens as the pressure is in-
creased. Turning to ggese(7) ,one can notice that the position of the first peak located at
~ 2.35 A behaves similar to what is observed for Ge;55es, under pressure. The second
peak located at around ~ 3.66 A at ambient pressure agrees well with the previous
AIMD results [145], which can be attributed to the distances of a cros-linking Ge atom
with a Se chain. The intensity of this peak was reported to increase with increasing Ge
content [145]. In other words, increasing network connectivity yields an increase in
the intensity of the secondary peak in ggese(r). Our simulations agree with that previ-
ous study in the sense that for P >7 GPa, the secondary peak gains intensity which is
inline with the increased network rigidity and shifts to lower r values. Another inter-
esting feature is that the peak that appears at ~ 5.5 A and again shifts to lower r values
with an increase in its peak intensity. Finally, examining ggese(r) shows that the first
peak associated with the homopolar Se-Se bonds is located at 2.36 A , consistent with
the previous works. With increasing pressure this peak loses intensity and broadens.
The secondary peak that is located at 3.85 A again moves to smaller r values as the
pressure is increased, eventually merging with the Se-Se homopolar peak. This indi-
cates that at high pressures, there is a high structural variety for Se-Se type of bonding
including motifs such as edge correlations of octahedral units, homopolar bonds, and
connections with the next nearest neighbor as the fifth and sixth neighbors approaches
to the first shell.
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Figure 6.5: Computed pressure dependence of computed coordination number for GezoSeso
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(orange open pentagons) and XRD work of Kalkan et al. [77] (green open dia-
mons). On the top left and bottom right snapshots of typical structural units are
represented for LDA and HDA phases

Fig. shows the coordination numbers for Gey,Sesy. Again, our AIMD results
are compared to experimental and simulation works available in the literature for this
particular composition. The ambient pressure values for 7, ng., and g, are in line
with the mean field calculations (see the previous chapter) and also consistent with
the previous studies [93, 94, [77, 145]. Upon pressure, the mean coordination num-
bers almost remains constant P =9.6 GPa for our simulations with nearly no changes
in the partials n¢., and ngs., which corresponds to the deflection point of the G — g
curve presented in Figl6.2l Above this value,a drastic increase is observed for 7. and
nge indicating the LDA to HDA phase transformation. The rate of increase in coor-
dination numbers is smaller at P > 22 GPa in such a way n¢. and ng. almost linearly
approach to 6 and 4, respectively. The discrepancies between the AIMD results in the
work by Bouzid et al. [94] may be due to the different glass production prior to the
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cold compression in the simulations. Furthermore, there are differences in the total
average coordination number 7 between XRD and ND measurements. The XRD work
by Kalkan et al. shows an increase in n at around ~ P = 7.5 GPa, reaching a similar
value with our simulations at around 12 GPa while the coordination numbers found
by ND measurements are almost constant up to ~ P =15 GPa. It was argued that the
increase in the XRD measured mean coordination number 7 can be due to the analysis
which were done by employing empirical potential structure refinement method [94].
It should be noted that our simulation results shown in Fig. are consistent with
the statement in work of Skinner et al. [93] that there is no significant change in the

coordination number at pressures up to 8.6 GPa.

6.3.1 Discussions and Conclusions

Fig. shows the calculated bond statistics as a function of pressure for Ge,,Sesy. The
average Se-Se and Ge-Se bond fractions show three regimes. At pressures below 8
GPa remaining constant at around 35% and 65 %, respectively, which is followed by a
continuous increase for Se-Se and decrease for Ge-Se up to 22 GPa. From this pressure
point, no significant change is observed. At ambient conditions the majority of the
bonds consists of Ge-Se connections. The Se-Se connections have some 30 % fraction.
As shown already in Fig. there exists no Ge-Ge bonding at ambient pressure and
the fraction of Ge-Ge bonds does not exceed 2 % over the entire pressure range. The
constant value of coordination number at low pressures (i.e. LDA phase) is reflected
on the Ge-Se and Se-Se fractions which varies weakly below 5 GPa. Subsequently there
are dramatic changes in such a way that Ge-Se fraction decreases to ~55 % while Se-Se
fraction follows an inverse behavior, increasing to a value close to 45 % at around 22
GPa. A plateau value in Ge-Se and Se-Se fractions are observed for the pressure points
above 22 GPa. This may explain the linear coordination increase for both species at
pressures above 22 GPa observed in Fig.
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Figure 6.6: Calculated fraction of Ge-Se and Se-Se bonds as a function of pressure for GeapSeso.
Cut-off values for each pressure point was taken from the minimum of the corre-
sponding pdf. (i.e 2.8 A at ambient pressure). The inset shows the faction of Ge-Ge

homopolar bonds.

It appears that the network predominantly consists of octahedral geometry, thus
the applied pressure above this point only increases the coordination by the Ge-Se
and Se-Se bond compression in HDA phase, weakly affecting on the Ge-Se and Se-
Se bond fractions. In this respect, a contrast between LDA and HDA phase can be
noticed; in the pressure ranges that lead to bond compression, although the Ge-Se and
Se-Se bond fractions remain the same (predominant skeleton of the network being
either tetrahedral or octahedra, respectively) the coordination of LDA phase does not
increase as compared to what is observed in HDA phase, due to the open structure of
LDA phase.

At this stage, can we give further insight to the LDA to HDA transformations that
shows certain thresholds in different properties ? To address this question, we com-
puted the evolution of the Ge-Se bond length under pressure for a number of com-
positions spanning flexible-rigid-stressed rigid transitions. A critical pressure param-
eter, P, is introduced. For each composition under consideration, the value of F, is
taken from the onset pressure value after which average Ge-Se bond length starts to

increase, indicating the LDA to HDA transformation. Figl6.7/shows the evolution of
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P, as a function of composition. One can see the evolution of the Ge-Se bond length
versus pressure for all the compositions studied under pressure by AIMD. The most
flexible compound of our simulations Ge;oSegy shows the highest P. among the other
compositions. Increasing Ge content decreases the critical pressure up to 22 %, the
centroid of the so called intermediate phase for Ge-Se systems [42} 50, [145]. After this

minimum, the critical pressure increases as the network becomes stressed rigid.
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Figure 6.7: Composition dependence of the critical pressure found by the onset of the Ge-
Se bond length increase. The inset shows the pressure dependence of the AIMD
calculated Ge-Se bond length for a number of compositions ranging the rigidity
transitions. The open red square data is taken from the EXAFS work of Properzi et
al.[90]

Indeed, our results show that the ambient pressure network rigidity affects the
AATs. A flexible network structure can be made rigid by two means; increasing the
composition of the higher coordinated species (in our case increasing Ge content) or
by applying pressure which will introduce an increment to the coordination number.

Notably, among the flexible and isostatic compositions, less compression is needed for
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AAT. For stressed rigid compositions such as GessSegr), the densification mechanism
is rather different in such a way that there is a continuous increase in coordination of
the rigid network while simultaneously an edge to corner sharing tetrahedral transi-
tion takes place suggested by acoustic measurements [83]]. Another interesting finding
is that the composition dependence of the critical pressure at which AATs takes place
resembles that of the diffusivity behavior at 1050 K in the liquid state. This may in-
dicate a possible correlation between liquid-liquid transitions and AAT even though
it is still not clear if the the observed low temperature polyamorphic transition is an

extension of the reported liquid liquid transition between two stable liquid states.

In summary, we studied the Gey;Segy system under pressure up to 50 GPa using
AIMD simulations. A detailed comparison of our simulations to the experimentally
measured quantities by ND and XRD showed a good level of reproduction. The Ge-Se
and Se-Se fractions showed three step behavior, providing an insight to the different
regimes observed in average coordination numbers. A global connection between am-
bient network rigidity and the AAT is made by introducing P.. It is interesting to see
the link topological constraints in in this on P, and composition. This work is under

progress.
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Chapter 7

General Conclusions and Future

Directions

Chalcogenide glasses have attracted much attention over the past couple of decades on
only due to their numerous optical applications ranging from night vision detectors to
bio-sensors but also for their interesting network properties. In this work, we studied
the structure and dynamics of the liquid and glassy Ge,Se1po—x system as an archetype
to the chalcogenide glasses using a combination of AIMD simulations and scattering
experiments. The wide glass forming range of the Ge-Se system (for x < 0.43 ) enabled
us to investigate many compositions spanning the flexible-rigid-stressed rigid elastic

phase transitions.

We performed Car-Parrinelo AIMD in NVT conditions of 250 atoms to generate
our structural models for liquid and glassy states. High performance super-computers
were used to perform AIMD simulations to produce glassy structures with a total of
several hundreds of picoseconds (simulation time) for each compound under consid-
eration. Number of post analyses were made in order to study structural and dynamic
properties of the atomic trajectories. Our simulation results show a good reproduction
of the liquid and the glassy states both at ambient and high pressure conditions when

compared to the available scattering experiments.

The experimental part of this work consist of measurements based on synchrotron
X-ray radiation at BM23-ESRF and electron beam techniques at CEA, both located in
Grenoble, France. The specimens were synthesized at the University of Cincinnati,
US. Amorphous Ge-Se samples were produced using well established homogeniza-
tion and melt quenching method in quartz tubes sealed under vacuum . We conducted

simultaneous X-ray absorption at Ge and Se K edges and X-ray diffraction experiments
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under pressure. Diamond anvil cells containing nanocrystalline diamonds were used
to employ pressure with paraffin oil acting as pressure transmitting media to achieve

hydrostatic compression.

This research provides a systematical composition-pressure-rigidity approach to
the prototypical Ge-Se networks. Our results contributes valuable information to gen-
eral concepts such as rigidity, fragility and polyamorphism. Our results can be sum-
marized in two parts : liquid Ge-Se with purely computational approach and vitreous
Ge-Se under pressure with combined experimental and computational approach. In

what follows, we present the highlights of our results :

-The Liquid State

After verifying the robustness of our structural model in liquid states by compar-
ing with experiments available, we investigated the dynamics of Ge-Se liquids. We
evidenced dynamic anomalies at 1050 K, which is the lowest temperature at which the
liquid dynamics were attained in our simulations. In particular, the analysis in real
space dynamic properties such as diffusion coefficients, diffusion activation energies,
and viscosities showed an anomalous behavior at the rigidity percolation threshold in
such a way that atomic mobility reaches a local minimum where average number of
constraints n.= 3. Furthermore, the reciprocal space properties were investigated by
the intermediate scattering factor are the q vector corresponding to the PP for the struc-
ture factor. Relaxation times and stretched exponent values for both species showed
similar anomalies around the same composition interval (18-22 % Ge). In order to
elucidate this anomaly, we employed MD based constraint counting methods. The
results showed that the BB constraints of Ge species reaches to a maximum for the
compositions displaying the most sluggish dynamics. Moreover, the variance of these
constraints yield a minimum at 22 % Ge at 1050 K. One of the most remarkable out-
come of this part of the study comes from a more detailed analysis on the constraints.
We showed that the topological distribution of the Ge BB constraints plays a key role
in the dynamic anomalies observed. We further made a link between the distribution
of the BB constrains of the higher coordinated species and fragility of network forming
liquids. We show a global feature of the fragility minima observed in many network
forming systems, which is related to the spatial distributions of the BB constraints at

compositions leading to isostatic networks.
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-Future directions for the liquid state

Having shown that AIMD simulations can provide detailed insight into the glassy
dynamics of chalcogenides [208) 216, 217], there is probably much to learn from the
investigation of dynamic heterogeneities. At present, such studies on structural glass-
forming liquids have been restricted [218,219] to liquid silica, and, for this reason, in-
vestigation of other typical network formers is desirable. While similar features with
fragile liquids have, indeed, been emphasized, an investigation of off-stoichiometric
liquids such as Ge-Se or As-Se can provide interesting insights because an appropriate
alloying will allow to tune physical properties in a continuous fashion. Studying the
compositional dependencies of dynamic heterogeneities and the possible detection of
anomalies would be an interesting and promising extension of the present work. Work

in this direction is in progress.

-The Glassy State

AIMD simulations reproduced the evolution of experimentally measured quanti-
ties in both real and reciprocal space for Ge,Seigo_x glasses at ambient pressure and
temperature. Our simulation results show no significant differences with previous
simulations having 120 or 480 atom cells in NVT conditions. Our MD based constraint
counting results at ambient pressure agrees very well with the mean field constraint
counting where n. = 2 + 5x where x is Ge mole fraction. (i.e. GeySegy has n, = 3 and
n = 2.4 at 300 K). These convincing results obtained by AIMD simulations enabled us

to study Ge-Se system with our structural models under pressure.

One of the main results of this work is the identification of polyamorphic phase
transformations from a low density amorphous (LDA) phase, in which tetrahedra are
the predominant structural units to a high density amorphous (HDA) phase with oc-
tahedral geometry under compression in all compounds studied. In particular, these
transformations showed structural and electronic evidences. Notably, the average Ge-
Se bond length extracted from EXAFS experiment and also calculated from AIMD sim-
ulations showed an initial bond compression at pressures below ~ 10 GPa. This bond
compression is followed by an abrupt increase corresponding the LDA to HDA trans-
formation. Furthermore, the electronic evidence comes from the red shift detected
from the measured XANES spectra which is associated with a semiconductor-metal

transition which are in accordance with previous conductivity measurements. As for
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the densification mechanisms, we show that the tetrahedral motifs in the first shell
neighbors are preservedup to a critical pressure at which the fifth and sixth neighbors
effectively become a part of the first shell, corresponding to the angular adaptation

from 109.5 to 90 degrees (i.e. tetrahedral to octahedral geometry).

We furthermore investigated the link between the network rigidity of the starting
composition and the kinetics of amorphous-amorphous transition (AAT). We moni-
tored the rate of increase of the fraction of the octahedrally coordinated Ge atoms as
the signature of the AAT as a function of pressure. (i.e. reduced density). It appears
that as the compounds having higher Ge content shows a more sluggish transforma-
tion while the more flexible compounds (i.e. Ge;oSeqy) display a first order like trans-

formation resembling single element semiconductor systems such as Si or Ge.

Perhaps the most striking result of this research is the global threshold value ob-
served in the coordination number increase as a function of pressure. We showed that
there is a threshold value around reduced density p/py ~ 1.4 for Ge,Sego_x (Where x
< 25). This global value must be related with a redistribution of stress which has been
accumulated during the bond compression in the LDA phase thus ultimately leads
to an octahedral HDA arrangement corresponding to a different basin in the energy
landscape for each composition studied. We finally report on a critical pressure value,
P, indicating the onset of LDA to HDA transformation extracted from Ge-Se bond
length evolution under pressure. The results showed that for the isostatic and flexible
compounds, critical pressure follows a somewhat similar trend to the diffusivity at

1050 K, decreasing as the rigidity increases yet yields a minimum at 22 %.

-Future directions for the glassy state

As a continuation of our XAS study which is built mostly upon the Ge K edge
EXAFS part of the spectra, we are planning investigate the Se K edge in detail. In
particular, the FEFF simulations on our atomic trajectories can provide additional in-
sight on this subject (see the preliminary result in[B). A pressure-composition-energy-

absorption map is to be done for the Se K edge.

For what concerns the dynamics of vitreous Ge,Sejoo_x, we already simulated the
vibrational spectra under pressure (see . Furthermore, for the Ge;sSegs GeasSegs com-
pounds we conducted an inelastic X-ray scattering (IXS) experiment under pressure
up to 20 GPa. We plan to combine experimental and simulation results in order to

have a better understanding of the relation between the vibrational fingerprints of the
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rigidity transitions, as the network connectivity increases with the applied pressure.
We also measured IXS spectrum of the GesSeq;, which is an ultra flexible compound
to identify the floppy phonon modes. Analysis of this experiment will be done in the
close future. Moreover, one can have an access to the non-ergodicity parameter from
the IXS data. In this respect we calculated this parameter at ambient conditions from
the intermediate scattering function of the Se species as a function of composition (see

[B). This work is in progress.

There is much to learn from the atomic simulations of chalcogenide glasses using
the well established AIMD methods. As mentioned in this thesis and in previous
works on the Ge-Se systems under pressure, different methods of simulation can yield
discrepancies in different set of simulations. To address this issue, we are currently
working on is the effect of thermal history of the compression on the structural and
dynamic evolution of Ge-Se glasses. We accumulated some preliminary results on the

GeySey, system (see[B). Detailed analyses are to be performed.
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Appendix A

Liquid State

Fig. shows a comparison of the self diffusion coefficients of Ge and Se species
at 1050 K in simulation cells prepared using experimental liquid and glass densi-
ties,respectively. The diffusion anomaly mentioned in Chapter [ is more prominent
for case of liquid densities. Nevertheless, the overall trend is conserved in such a way

that the elastic phase transition yields the minimum value in diffusivity for each case.
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- O- Glass Density
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Figure A.1: Calculated self diffusion coefficients Dg. (red) and Dg. (black) using glass and

liquid densities as a function of composition at 1050 K.

One reason of the dynamic quantities having slightly different numbers can be
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attributed to the stress developing in the simulation cells. Fig. shows the stress
evolution during the simulation time at 1050 K. As can be seen the average stress is
less than 0.25 GPa. In the case of glass densities, the stress levels can be 3 times higher
at 1050 K.
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Figure A.2: Stress evolution in the simulation cells having liquid densities as a function of

simulation time for selected compositions at 1050 K.

One can have a cross checking of the simulations by having a statistical average
even at the liquid densities. For the compositions in the region 20-25%, we have real-
ized a certain number of additional tests of validation in order to check that the results
do not depend on e.g. system size or initial configuration. Here we present verifica-
tion on the results found by using the glass densities. Five independent configurations
have been chosen in the high temperature liquid and cooled to the isotherm of 1050 K
over the same time interval (20 ps). All led to similar results in terms of constraints,
either total number of interaction or related numbers (BS or BB) with a minimal spread
between configurations. Fig. shows the calculated values for such configurations
which validate e.g. the data point of 22% represented in Fig. 2b. In addition, the
calculated pair correlation function for the five independent configurations at 1050 K
of the 22% system lead to identical results (Fig. [A.4), and corresponding g(r) are very
close to the 20% system.
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Figure A.3: A Number of constraints n. Total and Ge related constraints calculated for five
independent configurations at 1050 K for the 22% system for cells having glass

densities.

Note that the simulation cells having glass density has higher internal stress during
the simulation time. Even though this does not induce a change in the coordination
numbers, thus the BS constraints, when compared to the cells having liquid densities
at 1050 K, some of the angular constraints soften due to higher pressure within the
cells. Therefore, in case of 22%, one finds BS constraints being 1.98 for glass and lig-
uid densities while BB constraints differs (4.47 using glass, 4.85 using liquid densities,
respectively). Despite this discrepancies, calculations show the trend observed in Fig.
b is retained when computed using glass densities over the entire composition

range of this study.
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Figure A.4: Total pair distribution functions of the 22% system at 1050 K for five independent

configurations for cells having glass densities.
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Glassy State

The diffusive or vibrational properties of a material can be studied with the velocity
autocorrelation function Z(t). Taking v(r) as the velocity for atoms in a system, then
Z(t) can be defined as

Z(t) = —» (B.0.1)

where (t) is time. The Fourier transform of Z(t) gives the vibrational density of states
(VDOS) ;

F(w) = \/% / dte™' 7 (t) (B.0.2)

Fig. compares the AIMD calculated VDOS spectra with the inelastic neutron
scattering. There is a good overall agreement between our simulations and the exper-

imental findings.

Fig. shows the pressure dependence of VDOS/E- E plot of GesSeg; and
GejsSegy. The vibrational modes of the glasses are abserved to evolve strongly be-
low 12 GPa. The peak associated with the floppy modes (low frequency) around 5
meV arising from the under-constrained atomic configurations (n. <3 or n < 2.4)
gradually shifts to higher frequencies during compression. The interplay of the peak
around 25 meV which corresponds to the atomic motion of Se atoms that link ES tetra-
hedra is observed. One can see that the vibrational spectra is directly affected by the
network connectivity. These results under pressure is coherent with the compositional

study done using inelastic neutron study on Ge-Se and Ge-As-Se alloys in ref [220].
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Figure B.1: Calculated vibrational density of states for GeoSegy at 300 K compared to inelastic

neutron scattering measurement GegSegs (ref. [220]).
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Figure B.2: Calculated energy normalized VDOS as a function of energy for Ge;4Segs (con-
tinuous lines) and for GejsSegs under pressure (broken lines) at 300 K. The inset

shows the total VDOS as a function of energy for Ge;4Segg.

Fig. shows the preliminary results on the comparison of the FEFF calculated
XANES spectra at Ge K-edge for glassy GessSers with the XAS experiment carried out
at BM23, ESRF. Even though the calculated spectra do not show a good agreement as

far as normalized absorption intensities and shoulder peak positions, the trend of the
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Figure B.3: Experimental XANES spectra (continuous curves) for Gea;Se7s under pressure
at Ge K edge compared to FEFF calculations using the AIMD simulated atomic

trajectories (broken curves).

response to the applied pressure is well produced. Further optimization is needed for
future studies. Fig. a) shows intermediate scattering function of the Se species
at 300 K and ambient pressure. Fig. b)|B.4 shows the evolution of the non-ergodicity
parameter obtained through the average value of the 3 relaxation plateau as a function
of composition. It appears the network rigidity has a direct effect on the non ergodicity
parameter in such a way that the most flexible compound Ge;(Seg, has the lowest and
the most rigid compound Ges;Seg; has the highest value. Moreover, increasing Ge
content results in an increase in this parameter. However, a rather constant behavior
is observed at the rigidity percolation threshold and the reported intermediate phase.

We plan to confirm these values from the IXS experiment once the analysis are done.

All data regarding the Ge-Se system under pressure are produced by applying the
cold compression method explained in Chapter 2| We also employed another thermal
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Figure B.4: a) Calculated intermediate scattering functions for selected compositions of

GexSe100—x at 300 K. b) The non-ergodicity parameter as a function composition.

path for the application of pressure to our structural models generated by AIMD. For
this, after obtaining the energetically best glass trajectory upon quenching, we applied
pressure after heating the system at 600 K and relaxing it for about 40ps. This step
was then followed by a cooling down to 300 K for another 30-40 ps. Fig. shows
preliminary results on the effect of thermal history on the bond angle distribution for
GejpSeyy under pressure. Indeed, the results show that there are differences in the
structural evolution under pressure, even though the simulated quantities at ambi-
ent pressure are nearly the same. An important result from the Ge-Se-Ge BAD can
be given as the interplay between ES and CS tetrahedral connections. It appears that
a more relaxed structure yields fewer ES connections. This results may be linked to
the fact that ES connections are reported to be a fragility promoting feature in chalco-
genide systems [[75] and therein]. Thus increased relaxation times may result in the
decrease of the fraction of these connections. Furthermore, another interesting finding
comes from Se-Ge-Se BAD at 10.4 GPa. The tetrahedral angle is preserved for both
compression methods below 10 GPa. On the other hand, one can notice a shoulder
at 90° degree and a tail around 180° degrees indicating an octahedral geometry for
the annealed compression which are absent for the case of cold compression. This
difference may be related with overcoming a thermal energy barrier of the annealed
compression more easily compared to the cold compression case. Moreover, this re-
sult provides important insight to the differences between ND experiments and AIMD
simulation in the work of Wezka et al. [89] where the coordination number of the

Ges3Segr system increases at pressures above 8 GPa, whereas the coordination number
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measured from ND remains nearly the same. Given that the thermal activation barrier
can be surpassed more easily in the case of annealed compression, the LDA to HDA
phase transition may occur which manifests itself with the coordination increase due

to tetrahedral to octahedral geometry.
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Figure B.5: Calculated average Ge-Se-Ge and Se-Ge-Se bond angle distributions of (BAD)

Gej0Segp under pressure at annealed or cold compression conditions.

Fig. shows the effect of pressure on the electronic band gap of GeySesy. The
measured XANES spectra showed a red shift for Ge K edge (as shown for Ge;7Seg;
in Fig. under pressure. The semiconductor to metal transition in Gey,Sey is also

confirmed by the work of Bouzid et al. [94] using AIMD simulations.
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List of Scientific Contribution

C.0.2 Publications in International Journals

1. Revealing the role of molecular rigidity on the fragility evolution of glass forming liquids
C. Yildirim, ].Y. Raty, and M.Micoulaut

Published in Nature Communications, doi:10.1038 /ncomms11086

2. Universal amorphous-amorphous transition in GeySeioo—x glasses under pressure
C. Yildirim, M.Micoulaut, P. Boolchand, I. Kantor, O. Mathon, J.P. Gaspard, T.
Irifune, and J.Y. Raty,
Published in Scientific Reports, doi:10.1038/srep27317

3. Anomalous diffusion and non-monotonic relaxation processes in liquid Ge-Se
C. Yildirim, ].Y. Raty, and M.Micoulaut
Published in Journal of Chemical Physics, doi:10.1063/1.4953077

4. Decoding embedded transitions: polyamorphism and stressed rigidity
C. Yildirim, ].Y. Raty, and M.Micoulaut

Manuscript under preparation.

C.0.3 Oral Presentation

1. Glass & Optical Materials Division and Deutsche Glastechnische Gesellschaft
Joint Annual Meeting - Madison, WI, May 2016

2. (Invited) Glass & Optical Materials Division and Deutsche Glastechnische Gesellschaft
Joint Annual Meeting - Miami, FL, May 2015
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3.

4.

PhD Days, Liege, Belgium, April 2016

International Doctoral School of Functional Materials Meeting, Bordeaux, France,
March 2016

. PhD Days, Liege, Belgium, April 2015

International Doctoral School of Functional Materials Meeting, Koblenz, Ger-
many, March 2015

PhD Days, Liege, Belgium, April 2014

. International Doctoral School of Functional Materials Meeting, Spa, Belgium,

March 2015

C.0.4 Poster Presentations and Scientific Visits

Poster presentation at International Doctoral School of Functional Materials Meet-
ing, Structure and Dynamics of GeySeipo—x Glasses under pressure, Koblenz, Ger-
many, March, 2015

. Poster presentation at International Doctoral School of Functional Materials Meet-

ing, Revealing the Role of Constraints on the Fragility of Glass Forming Liquids, Bor-
deaux, France, March, 2015

Beamline user at European Synchrotron Radiation Facility -Grenoble, France,
Energy Dispersive XAS ID 24 Experiment on liquid-liquid transitions in ZnSe at
Extreme Pressure and Temperature , HC-2787, April 2016

Beamline user at European Synchrotron Radiation Facility -Grenoble, France,
Inelastic Scattering II beamline ID 28 Experiment on vibrational modes of Ge-Se

glasses under pressure, HC-2195, February 2016

Beamline user at European Synchrotron Radiation Facility -Grenoble, France,
BM 23 Experiment on amorphous phase transitions and densification mecha-

nism Ge-Se glasses under pressure, HC-1862, July 2015

Beamline user at European Synchrotron Radiation Facility -Grenoble, France,
Energy Dispersive XAS ID 24 Experiment on structural changes of liquid ZnSe
at high temperature and pressure, HC-1608, October 2014
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7. Beamline user at European Synchrotron Radiation Facility -Grenoble, France,
Energy Dispersive XAS ID 24 Experiment on Experiment on layered multiband
superconductors LnOy 5F( 5BiS; (Ln=La and Ce), HC-1304,April 2014
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