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The structural, electronic, and vibrational properties of glassy Ge,Se;_, are studied using density-functional-
based molecular dynamics. The focus is on four compositions (x = 10%,20%,25%,33%) spanning the rigidity
transitions and representing typical compositions of flexible, intermediate, and stressed rigid systems. We
investigate structural properties including structure factors, pair distribution functions, angular distributions,
coordination numbers, and neighbor distributions and compare our results with experimental findings, when
available. Most noticeable is the excellent agreement found in the reproduction of the structure in real and
reciprocal space which allows tracking the effect of Ge composition on the structure. Ring statistics and ring
correlations are examined and followed across the rigidity transition, and the details of typical small rings show
a much more complex picture than established previously. A comparison is made with simple bond models
and their validity is discussed. Topological constraint analysis is performed and shows that the onset of rigidity
changes substantially the angular motion inside the Ge tetrahedra, which displays increased soft bending motions
in the stressed rigid phase. We then investigate the vibrational properties via the vibrational density of states
and the dielectric function (infrared absorption), and discuss them with respect to experimental findings. Finally,
the electronic properties are computed and show an excellent agreement with respect to previous first-principles

simulations and to experiments.
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I. INTRODUCTION

Germanium selenides Ge,Se;_, not only form an in-
teresting class of glasses or starting materials used for
optoelectronic applications,'® they also represent archetypal
covalently bonded networks® which progressively stiffen'? as
their mean coordination number 7 = 2 4 2x increases. They
can undergo light-induced changes''~'* or even spectacular
photocontraction effects,’>"!” and also electrical switching
phenomena,'® so that a large amount of research has been
conducted to characterize the basics of physicochemical
properties, and the potentialities of promising applications.

A. Rigidity and structure of Ge-Se glasses:
A deceitful simplicity

For a long period, the observed compositional trends have
been understood from concepts which are directly derived from
the Maxwell elasticity theory for macroscopic structures.'*°
In fact, from a mechanical viewpoint, the stretching and bend-
ing interactions which constrain the network at a molecular
level?! can be identified with mechanical constraints n, which
are compared to the available degrees of freedom n,4.?27> This
analysis shows that glasses with a low connectedness contain-
ing a large fraction of twofold-coordinated chalcogens (Se)
are flexible because n, < n,, whereas a network consisting
of a large amount of Ge atoms is intrinsically rigid. At the
exact boundary n, = n, corresponding to the isostatic stability
criterion defined by Maxwell, a flexible-to-rigid transition has
been predicted, verified from various observed anomalies in
materials properties.6~3!
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Given the elastic nature of the predicted threshold®>??

and the connection with optimal glass formation,?!' a certain
number of experimental studies have focused either on the
enthalpic properties at the glass transition®>~* including under
aging, - or on elastic properties,*’? sound velocity,***' and
viscosity.*>

This traditional picture for the onset of rigidity in these
glasses has been challenged because evidence** for the
absence of a single transition or threshold has been reported,
defining for Ge,Se;_, glasses an intervening region (an
intermediate phase, IP) from x.(1) = 20% to x.(2) = 26%
Ge between the flexible and the stressed rigid phase (gray
zone in Fig. 1). In the IP, glasses display some remarkable
properties such as weak aging®>3 or internal stress,’* and
space-filling tendencies® (see Fig. 1, right axis). These
properties appear to be generic as they have also been
observed in other glasses such as binary or multicompo-
nent oxides,**7-62 or even in complex materials®® including
proteins.**®> The emergence of this IP and the discussion
about its origin have not been without controversy, as many
studies have debated on the validity of one of the key
measurements, a nonreversing enthalpy A H, measured at the
glass transition (Fig. 1), while unfortunately overlooking other
obvious experimental signatures.*~47-2-3466.67 At this stage of
knowledge, however, it appears that the IP is highly sensitive
to the homogeneity>*%%% or dryness’® of the samples, so that
a careless synthesis may lead to incorrect results or even to
wrong statements, especially regarding aging.”!’> These phe-
nomena have been fairly well described by modifying previous
theories of the rigidity transition.>*>> Such phenomenological
models have shown that the occurrence of the IP results from
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FIG. 1. (Color online) Anomalous behavior of thermal quantities
of Ge,Se;_, glasses across the intermediate phase (taken from
Ref. 50): Nonreversable heat flow AH,(x) (black curve) showing
a deep minimum for carefully homogenized glasses. Right axis:
molar volume (red curve). The systems investigated by first-principles
molecular dynamics (FPMD) are shown in blue: GeSey, GeSey,
GeSes, and GeSe,. Results (Ref. 51) from amorphous Ge,Se; are
also discussed throughout the paper.

24-26,73 74,75

a self-organization or adaptation of the network
which accommodates stress for x > x.(1) in rigid networks
by accumulating isostatic regions and delaying percolation of
stressed rigidity up to a certain point x.(2) identified with a
stress transition.

Regarding structure, one naturally expects that experiments
and molecular simulations will provide an interesting
perspective for the detection of a signature of rigidity onset
at the atomic scale. Experimentally, various measurements
have been used to characterize the structural changes induced
by the increase of Ge content in Ge,Se;_, glasses, in
connection with rigidity transitions: neutrons,”®%* x rays, -
extended x-ray absorption fine structure (EXAFS),*91-9%4
Raman  spectroscopy,>#%-0:68:69.95-97 " inelastic
scattering,”’?8-19% anomalous x-ray spectroscopy,
Méssbauer spectroscopy,' %1919 and nuclear magnetic
resonance (NMR).!05-108

In parallel, there has been a continuous effort in simulat-
ing the structure from molecular simulations, especially on
the stoichiometric GeSe, compound. One major challenge
regarding this system and related Ge-Se alloys is that they
contain bonding defects.”?"3319%110 They also display chem-
ical bonding between ionic and covalent character, while
also showing semimetallic behavior under pressure'!! or
with temperature.''> Therefore, simple attempts using either
reverse Monte Carlo (RMC) simulations'%!13-115 or classical
molecular dynamics''®'?° (including the computation of the
vibrational spectra'?') have failed in reproducing the details
of the chemical bonding of GeSe, glasses, most of these
computational efforts having been accomplished at a time
when there was only indirect evidence of homopolar Ge-Ge
and Se-Se bonds,'?1% i e, before the publication of the full
partial structure factor analysis revealing in a neat way these
bonding types.'? !9 More recent contributions using either
three-body force fields'?>!?* or polarizable ion models'?*!>

neutron
101,102
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still do not reproduce accurately the structure of GeSe,. One
has therefore to rely on first-principles molecular dynamics
(FPMD), which can account for all the electronic features
of the chemical bonding and its change with temperature
or composition while also allowing for the computation of
properties inaccessible from classical molecular dynamics.
This is the purpose of the present paper.

B. General purpose

In the present contribution, we investigate the structural,
electronic, and vibrational properties of Ge,Se;_, for four
selected compositions spanning the flexible, intermediate, and
stressed rigid phases® of this system, i.e., we focus on the
particular systems GeSeg, GeSey, GeSes, and GeSe; (Fig. 1).
We also use results from a recently reported study’' of glassy
Ge,Se; using the same simulation procedure (see below).

Previous work using approximate ab initio methods
has been reported on several compositions of the Ge-Se
system.'?6-129 Calculations have also been performed on
isolated clusters.'3%132 In the present case, the chosen elec-
tronic scheme of density functional theory (DFT) using
plane-wave basis sets has been established after a series
of methodological investigations on both liquid and glassy
Ge-Se alloys.!?*"1% First, a generalized gradient approxi-
mation (GGA) has been used for the exchange-correlation
energy. It goes beyond the local density approximation (LDA)
and improves substantially'*’ the description of both short-
and intermediated-range order in liquid GeSe,. Second, an
alternative exchange-correlation functional has been tested'3?
(with respect to Ref. 137), derived after Becke (B) for the
exchange energy'®” and Lee, Yang, and Parr (LYP) for the
correlation energy.'* An increase of the tetrahedral geometry
has been found,'*® together with a reduction of the metallic
character of the bonding, thus providing an increased accuracy
with respect to experimental measurements on structure in
real and reciprocal space for both liquid and glassy GeSe;
(Refs. 138, 141, and 142) and related compounds,143 and
also in vibrational'** and NMR properties.'*> These series of
investigations validate the GGA-BLYP scheme as the optimal
electronic model for the simulation of germanium selenides.

Here, various structural properties in glassy Ge-Se are
computed, and when compared to experimental measure-
ments, these show very good agreement, especially for the
structure factors in reciprocal space. In real space, our results
show that the increase of Ge leads to important changes in
structure which are manifest by the occurrence of homopolar
Ge-Ge bonding in the intermediate phase while the compounds
show also nonmonotonic variations in ring structure and ring
connectivity. We then also analyze the electronic (electronic
density of states) and vibrational properties of these glasses
by computing the vibrational density of states (VDOS) and
the dielectric function, whose imaginary part is compared to
experimental results from infrared absorption. Taken together,
these results provide a systematic plane-wave DFT study
of compositions across the stiffness transitions. Effects of
the flexible-to-rigid transition are detected from the angular
motion of the germanium which softens some bond-bending
constraints as the system becomes stressed rigid.
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The article is organized as follows. Section II describes the
electronic model used and the details of the FPMD simulations
of Ge, Se;_,. Section III gives the results of our simulations in
reciprocal space by comparing the calculation of the Bhatia-
Thornton partial structure factors at different compositions to
available experimental data obtained from neutron diffraction.
Section IV provides pair distribution functions, bond angle
distributions, coordination number distributions, and ring
statistics. In Sec. V, we compare our findings regarding the
bonding and ring statistics with simple models reported in
the literature, and discuss their validity. We also compute
bonding constraints and provide an atomic-scale picture of
the stiffening of the network structure as the Ge content is
increased. Section VI presents the results on the electronic
properties and their evolution with composition, while Sec. VII
presents the vibrational properties of the glasses consisting
of the VDOS and the dielectric function. Finally Sec. VIII
summarizes our findings, and brings up some conclusions and
perspectives.

II. COMPUTATIONAL DETAILS

Simulations on four compositions Ge,Se;_, have been
performed at constant volume on systems consisting of
N = 120 atoms (with Nge = xN and Ng, = (1 — x)N, e.g.,
30 Ge atoms and 90 Se atoms for GeSes). A periodically
repeated cubic cell was used. The sizes used allowed the
experimental density of the glass'*® to be recovered with
pressures that do not exceed 0.5 GPa. The electronic structure
has been described within density functional theory and
evolved self-consistently during the motion.'*’ We have
adopted here a generalized gradient approximation using the
exchange energy obtained by Becke'*” and the correlation
energy according to Lee, Yang, and Parr.'*’ Valence electrons
were treated explicitly, in conjunction with norm-conserving
pseudopotentials of the Trouiller-Martins type to account for
core-valence interactions. The wave functions were expanded
at the I point of the supercell on a plane-wave basis set with an
energy cutoff E, = 20 Ry. A fictitious electron mass of 200 a.u.
was used for the first-principles molecular dynamics approach,
and the time step was set to Ar = 0.12 fs to integrate the
equations of motion. Temperature control was implemented
for both the ionic and electronic degrees of freedom by using
Nosé-Hoover thermostats. Additional details on the simulation
can be found in Ref. 138.

The initial coordinates of the 120-atom system were ob-
tained from previous simulations on stoichiometric GeSe,.'?®
Ge atoms were randomly replaced by Se atoms, prior to
an initial simulation of 25 ps at 2000 K in order to lose
memory of the initial configuration. Additional runs each of
25 ps were performed at temperatures of 1373 and 1050 K.
At the latter temperature, four independent configurations
separated by time intervals of 5 ps were chosen and served
as starting configurations of four independent quenches to
the glassy state, performed at an average cooling rate of
~10 K/ps. Finally, for each composition statistical averages
were performed at 300 K over the four quenched samples
accumulated over a time interval of 84 ps. We then calculate
various quantities for the GeSey, GeSe4, GeSes, and GeSe;
systems, and follow their trends with composition. Results
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FIG. 2. (Color online) Computed Bhatia-Thornton number-
number structure factor Syn(k) as a function of composition x in
Ge, Se;_, glasses, compared to results from neutron diffraction for
GeSe,, GeSes, and GeSe, (red, Ref. 83) and GeSey (blue circles,
Ref. 78, total structure factor).

from a recently investigated Ge,Ses glass’'are also considered
during the discussion.

III. RECIPROCAL-SPACE PROPERTIES

In Fig. 2, we display the calculated Bhatia-Thornton'*®
number-number (NN) structure factor Syn(k) for the four
selected compositions, and compare them with available
experimental results obtained from neutron diffraction (red
curves). This partial structure factor measures correlations
between scattering centers independently of their chemical
nature,''%148:149 and usually represents a very good approxi-
mation of the total structure factor Sy (k) defined by

Sr(k) = Snn(k) + A [Sce(k)/cge cse — 11+ BSnc(k),
(1)

where A = x(1 —x)Ab*/(b)?, B =2Ab/(b), Ab=
bGe - bSe’ (b) = CGebGe + CSebSe = XbGe + (1 - x)bSe’ and
where the coherent scattering lengths of the chemical species
are given by bg. = 8.185 fm and bs, = 7.97 fm.'*® In fact, the
coefficients A and B are found to vary from A = 6.5 x 107>
to 1.6 x 10~%, and from B = 0.054 to 0.053, respectively,
when the composition is changed from x = 10% (GeSey)
to 33% (GeSe,). This leads to [Sr(k) — Snn(k)| < 0.015
for nearly all compositions, i.e., one can consider that
S7(k) >~ Snn(k), which results directly from the fact that
bge > bse. These structure factors Syn(k), Scc(k), and Snc(k)
can be obtained by linear combinations'*® of the Faber-Ziman
structure factors Sgege(k), Sgese(k), and Ssese(k), which are
not represented here.

An excellent agreement of the calculated Syn(k) with the
experimental counterpart is found, with all typical features
being reproduced over the entire range of wave vectors k:
the first sharp diffraction peak (FSDP) at k ~ 1 A as in
experiments,® the first principal peak (PP1) at ~2 A~!, and
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FIG. 3. (Color online) Computed Bhatia-Thornton interference
function Inn(k) = k[Snn(k) — 1] as a function of composition x
in Ge,Se,_, glasses, compared to results from neutron diffraction
(red, Ref. 83).

the second principal peak (PP2) at ~3.6 A~!. The high-wave-
vector region (k > 10-12 A1) is also very well reproduced as
shown from the interference funtion Inn(k) = k[Snn(k) — 1]
which blows up the oscillations found at higher k value (Fig. 3).
This agreement provides confidence that real-space properties
at short distances r (r o< 1/k) should also be reasonably well
reproduced. Both principal peaks (PPs) are found to slightly
vary with composition, e.g., the PP2 peak shifts from 3.62 A~!
for GeSey to 3.59 A~! for GeSe,, while its width Akppy
(determined from a Lorentzian fit, see Table I) is found to
increase with Ge composition, from 1.74 to 2.70 A~!. Similar
features are found for the other principal peak (PP1), i.e., a
redshift of the position kpp; and a reduction of the width Akpp,
leading to a sharper PP1 for the stoichiometric GeSe,. One
also notes the emergence of a FSDP as the network becomes
more and more connected, i.e., for the GeSes composition.
The FSDP is indeed nearly absent for the GeSey composition,

TABLE 1. Calculated partial structure factor parameters (in A=")
extracted from a Lorentzian fit of the main peaks: position k;
and width Ak;, i = {FSDP,PP1,PP2}. All of them are given with
Ak = £0.01 AL,

S;i(k) System kespp kppi Akpp) kppy Akppy
San (k) GeSey 2.02 2.16 3.62 1.74
GeSey 2.08 1.83 3.62 1.78
GeSe; 1.16 2.10 1.77 3.60 2.20
GeSe, 1.14 2.07 1.13 3.59 2.70
Scc(k) GeSey 2.16 2.05
GeSey 1.00 2.09 0.71
GeSes 091 2.08 0.52
GeSe, 1.00 2.09 0.44
Sxe(k)  GeSes 111 198 136

GeSe, 1.10 2.01 0.78
GeSe; 1.04 2.01 0.65
GeSe, 1.08 2.02 0.49
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and builds up for larger Ge content while also agreeing with
the experimental data.”®

A similar level of agreement is obtained for the two other
partial structure factors Scc(k) and Snc(k) involving long-
range concentration-concentration and concentration-number
correlations.®*!1%% These calculated functions can be only
compared to the experimental results of the system GeSe,, the
only composition for which isotopically substituted neutron
scattering measurements (which give access to such partials)
have been performed.®* Simulations for the other compositions
thus bring additional insight into the network structure. Obvi-
ous trends emerge indeed from the represented functions when
these are considered as a function of Ge content. For instance,
we note that concentration-concentration (CC) fluctuations
are nearly absent for the GeSey compound given the weak
abundance of Ge atoms. In the high-wave-vector region, it is
seen that Scc(k) converges to the limit cgecse = x(1 — x) =
0.09, which directly comes from the definition®*!43

Scc(k) = cgecsell + Scece(k) + Ssese(k) — 28gese(K)],  (2)

where Sgege(k), Sgese(k), and Ssese(k) are the Faber-Ziman
structure factors which obey the limit S;;(k) — 1 for large
k. One observes from Fig. 4 that the positive or negative
oscillations with respect to the limit cgecs. have a very
low amplitude in GeSey. Since this function Scc(k) provides
information about chemical ordering'4>!>" of the Ge and Se
species at an intermediate scale, oscillations usually indicate
a preference for like (Ge-Ge, Se-Se) or unlike (Ge-Se)
correlations. Here, given these small oscillations one can
conclude that such correlations are absent, indicating that
one has a random mixing of Ge atoms into the base Se-rich
network. This is also independently suggested from the glass
transition variation, where predictive scaling laws have been
established on the basis of a random cross-linking of Ge in
Se chain fragments,'3"!152 at variance with network adaptation
which occurs at higher Ge composition.* With increasing Ge
content, a peak at 2.10 A~! emerges in the function Scc(k)

0.8 GeSe,+0.75
0.6 GeSe,+0.50
<
=t i
O
@ 0.4 GeSe,+0.25
0.2 GeSe,
o2 )
01 2 3 4 5 6 7 8 9 10 1112
Q-1
k(A”)
FIG. 4. (Color online) Computed Bhatia-Thornton

concentration-concentration structure factor Scc(k) as a function
of composition x in Ge,Se;_, glasses, compared to results from
neutron diffraction (red, Ref. 83).
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and its amplitude grows to become the dominant feature of
this partial structure factor for the GeSe, composition. One
also obtains a FSDP in the region 0.9-1.0 A~! which does not
show any marked changes with Ge composition as manifested
by the evolution of the position kgspp ~ 1 A~! (Table I). The
position of the FSDP is usually associated with some repetitive
characteristic distance between structural units involving a typ-
ical length scale for concentration-concentration correlations
of 7.7/ kgspp = 7.7 A.'53 Similarly, the width of the FSDP is
indicative of a coherence length, following the well-known
Scherrer equation for microcrystals which relates the width of
a Bragg peak with the average size of the microcrystals (for
a monocrystal, one has Akgspp =~ 0). A coherence length for
ordering defined by £cc = 7.7/ Akgspp can be established, !>
having used a Lorentzian fit for the FSDP. From the variation
of the FSDP in Scc(k) with x (Fig. 4), one realizes that
an important growth of &cc takes place between the GeSey
(Ecc ~ 6.3 A) and the GeSes (£cc ~ 16.0 A) compositions.
This indicates that in the intervening region (i.e., the IP),
important changes in chemical ordering take place at an
intermediate length scale, as also revealed by the real-space
analysis (see below).

When the Ge content is increased, similar features are
found for the number-concentration Bhatia-Thornton function
Snc(k) defined as

Snc(k) = cgecselcGe(Sgege(k) — Sgese(k))
— 5e(Ssese (k) — Sgese(k))]. 3)

This function focuses on the correlations between scattering
centers (number) and occupation by a given Ge or Se species
(concentration) in a diffraction experiment.'*® As seen from
Eq. (3), it is a measure of how chemical-like species order
on length scales typical of a given wave vector k because
Sne(k) goes to zero if Sgege(k) # Ssese(k). In the series of
investigated Ge-Se compositions (Fig. 5), a FSDP is obtained
at a wave-vector position of about ~1.1 A~! (Table I) which
obviously sharpens with Ge content, similarly to Scc(k),

L 7 L A
1//\[\/MWW~/_V
GeSe,

0.5

GeSe4

Snc(k)

G6562

Ll
10 11 12

(=

FIG. 5. (Color online) Computed Bhatia-Thornton number-
concentration structure factor Sxc(k) as a function of composition
x in Ge, Se;_, glasses, compared to results from neutron diffraction
(red, Ref. 83).
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and also similarly to the principal peak in Snc(k) found at
1.98-2.02 A~!. A Lorentzian fit of the FSDP shows that
Akgspp ~ 1.96 A~! for GeSe4 and decreases to 0.8 A~! for
GeSe,, implying an increase by more than a factor of 2 for the
corresponding coherence length &xc.

To summarize this section, we find an excellent agreement
over the entire wave-vector range, and for all compositions,
when our computed S;;(k) (i, j = N,C) are compared to exper-
imental results from isotopic substitution diffraction.33!10:149
The detail of the partial structure factors shows that most of
the peaks (FSDP, PP1, and PP2), while changing moderately
in position, sharpen once the Ge content is increased. This
underscores the emergence of various coherence lengths &;;
associated with the increase of connectedness induced by the
cross-linking Ge atoms. Snn(k) probes only the scattering
centers, independently of the nature of the chemical species
(Ge,Se), and is therefore a measure of how the topology
of the network is modified at intermediate length scales.
Flexible-to-rigid transitions are by their essence of topological
nature because they are revealed by the control parameter of the
transition, the mean network coordination number7 = 2 + 2x,
which can be directly derived®? from the Bhatia-Thornton pair
distribution function gnn(7) [the Fourier transform of San(k)].
One might therefore expect that some typical features appear
when the characteristic peaks of Syn(k) are followed with
composition across the transition. On the other hand, Scc(k)
provides information about the way these chemical species are
distributed throughout the network characterized by Snn(k).
As mentioned above, it provides a measure of the chemical
order as the variation of this partial structure factor is directly
linked to the product of the concentrations cg. and cs. of
the two species involved [Eq. (2)]. Since the stiffening of the
network and the onset of rigidity are tied to the occurrence of
more and more stressed rigid Ge-Se-Ge connections, one may
also expect that a signature of rigidity transitions manifests in
the partial Scc(k) as well. From our computed partial structure
factor, we do not find any evidence for anomalies or thresholds
with varying composition, and the parameters characterizing
the peaks (Table I) follow only smooth trends although
displaying marked changes for the IP compositions (GeSe4 and
GeSes). This conclusion is in line with an analysis for various
selenides of the FSDP of the total structure factor showing no
change®* in behavior once the network becomes stressed rigid.
However, a detailed analysis of partials in a parent system'>*
shows that anomalies and threshold properties manifest indeed
at the expected rigidity transition.!>> Concerning the present
Ge-Se system, more compositions obviously need to be
studied to track within tiny compositional changes the flexible
transition and the intermediate phase. This would of course
require larger system sizes,'>® and is clearly beyond the scope
of the present contribution.

IV. REAL-SPACE PROPERTIES

A. Pair distribution functions

We now turn to real-space properties and follow these
with Ge content. Figure 6 shows the computed total pair
distribution function for the Ge,Se;_, glasses, compared to
available measurements from the literature.®*!%7 It appears that
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FIG. 6. (Color online) Computed total pair distribution function
g(r) for different compositions x in Ge,Se;_, glasses, compared to
results (red curves) from neutron diffraction (GeSe,, Ref. 83, and
GeSey, Ref. 157). The unphysical oscillations at low r in the GeSe,
compound arise from the the Fourier transform of the experimental
structure factor for distances lower than the closest approach between
atoms.

the agreement is, again, excellent as all features of the pair dis-
tribution function, the main peak at 2.36 A (experimentally®’
2.35 A) and secondary peak at 3.85 A are reproduced with
great accuracy, when compared to experiments on GeSe;
(Ref. 83) and GeSey.'>” The large intensity of the first peak,
which mostly arises from the Ge-Se bond distance, actually
overwhelms in Ge-rich glasses other contributions due to
Ge-Ge and Se-Se correlations in the structure (see also the
peak positions in Table II), and which can be investigated
from a detailed analysis of the pair distribution functions g;;
(Fig. 7). We also report in Table II the corresponding number of
neighbors and peak positions d(X —X') with X = Ge,Se and
i = LILIIL. The secondary peak at ~3.85 A which does not
seem to vary much with composition (Fig. 6) actually results
from various contributions which depend strongly on the Ge
content, as discussed below.

For the stoichiometric compound GeSe,, we find an
excellent agreement for all pairs, most features (peak positions
and peak widths) being very well reproduced, as are also
the peaks reflecting homopolar bondings. Distances found,
at d(Ge — Ge') =2.44 A in ggege and at d(Se — Se') =
2.37 A in gsese, compare very favorably with the experimental
estimates of d(Ge — Gel)expt and d(Se — SeI)eXpt (see Table II)
which have been found to be equal to 2.42 and 2.32 A,
respectively.”>3!10 These features unambiguously lead to
the conclusion that ab initio methods accurately reproduce
bonding defects, in obvious contrast with simulations using
classical force fields'?*!>* or RMC modeling.''*~!!5 The origin
has to be found in the treatment of the time-dependent
electronic density, which gives a much better description of
charge transfer in these covalent systems during the quench to
the glassy state.

On the experimental side, we remark that the intensity of
the main peak at d(Ge — Ge'") = 3.68 A in ggege is slightly
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TABLE II. Calculated real-space structural properties in amor-
phous Ge,Se;_,: first (X—X', X = Ge,Se), second (X—X™"), and
third (X—X" peak positions (all given £0.02 A), pair coordination
numbers 7;;, coordination numbers n;, and mean coordination
number 7. The cutoff distances for the calculation of the coordination
numbers have been taken at the minimum of the pair distribution
functions (r,, = 2.9 A). Results are compared to experimental data
(Refs. 109 and 157).

GeSey GeSey GeSe; GeSe,
Ge-Ge' (A) 242 244
2.42 (Ref. 109)
Ge-Ge' (A)  3.05 3.01 3.01  3.03
3.02 (Ref. 109)
Ge-Ge (A)  3.63 3.65 3.59  3.68
3.57 (Ref. 109)
Ge-Se! (A) 2.35 2.36 236 236
2.36 (Ref. 157) 2.36 (Ref. 109)
Ge-Sel (A) 3.70 3.67 3.65
Se-Se! (A) 2.38 2.36 236 237
2.32 (Ref. 109)
Se-Sel! (A) 3.81 3.85 3.85 3.88
3.89 (Ref. 109)
NGeGe 0.13 025
NSeGe 0.45 1.00 129 177
NGeSe 4.01 3.92 3.87 3.55
Nsese 1.56 1.00 071 030
NGe 4.01 4.01 401 3.80
Nse 2.00 2.00 200 2.08
F 2.20 2.40 250  2.64

higher and the decay to zero between the first and second
shells of neighbors at around 4.5 A more pronounced. In the
partial ggege, besides the homopolar distance Ge-Ge' (Table II)
giving rise to a so-called ethylenelike (ET) unit [Fig. 8(a)],
one also finds two other main peaks at d(Ge — Ge'') = 3.03 A
and d(Ge — Ge'") = 3.68 A. These can be unambiguously
assigned to Ge-Ge correlations appearing respectively in
edge-sharing (ES) and corner-sharing (CS) tetrahedra, as also
identified by Salmon and co-workers.®* The main feature of the
pair distribution function ggese consists in a very intense peak
at a distance of d(Ge — Se') = 2.36 A, very well separated
from the secondary contributions, this first peak being identi-
fied with the Ge-Se distance defining the tetrahedra. It should
be noted that a small peak is experimentally acknowledged
at 3.02 A which is not reproduced by the simulation (Fig. 7).
Finally, gsese has essentially two main contributions: the Se-Se
homopolar prepeak found at d(Se — Se') = 2.37 A and the
main peak at d(Se — Se") = 3.88 A, the latter distance being
the one corresponding to Se-Se correlations defining the edge
of a GeSey,, tetrahedron.

All pairs g;; (i, j = Se,Ge) can then be tracked as a function
of Ge composition. The Ge-Ge pair distribution function ggege
shows large variations for the three aforementioned peaks: ET,
ES, and CS. While the position and intensity of the main peak
at d(Ge — Ge™) = 3.63-3.68 A remain nearly unchanged
(Table II), we find that homopolar bonding appears only for
the Ge-rich compositions GeSe; and GeSe;. These findings
are consistent with those obtained from Raman experiments
where typical modes associated with the homopolar Ge-Ge
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FIG. 7. (Color online) Computed pair distribution functions g;;
(i,j = Ge,Se) as a function of composition x in Ge,Se;_, glasses,
compared to results from isotopic substituted neutron diffraction (red
curve, Refs. 83 and 110).

ET units bonds are detected only for concentrations at or
somewhat below 30% Ge.'”® The precise statistics with Ge
content can be established from the atomic-scale trajectories,
as discussed below. The intensity of the ES peak at 3.03-3.05 A
is reduced in going from GeSeg to GeSe,, indicating that the
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(a)

FIG. 8. (Color online) (a) Typical local connections between two
Ge units: corner-sharing (CS) GeSey, tetrahedra, edge-sharing (ES)
tetrahedra, and ethylenelike (ET) unit involving a homopolar Ge-Ge
bond. (b) A typical representation of a Se-rich glassy network of
Ge, Se;_,, showing possible inter- or intrachain correlations (arrows
I'and IT) between Se and Ge and a neighboring Se atom, which involve
the distances d(Ge-Se'") and d(Se-Se™"), respectively (see also Fig. 9).

GeSeg composition contains a large fraction of such motifs
[Fig. 8(a)], as also independently established from the ring
statistics analysis and the bond angle distribution described
below.

There are virtually no changes with composition in the
first peak defining the Ge-Se bond distance d(Ge — Se') =
2.35-2.36 A of the GeSey /> tetrahedron. The most interesting
information that can be gathered from the gges. partial is
the evolution of the secondary peak found at d(Ge — Se'l) =
3.70 A in GeSey. Its intensity is decreasing as the Ge content
is increased. For this GeSeg composition, a detailed inspection
of the atomic trajectories shows that this peak can be assigned
(i) to the distance between a cross-linking Ge atom and a
neighboring Se chain [the arrows I in Fig. 8(b) and red curve in
Fig. 9], and (ii) to the second-nearest-neighbor distance along
a Se chain [the arrows II in Fig. 8(b) and blue curve in Fig. 9].
The latter characteristic distance can be roughly evaluated to
2d(Se — Se') sinfse_se_x /2 (X = Ge,Se) = 3.65 A given the
calculated value of the corresponding bond angle Ose_ge—x =
100° (see below). In the case where a GeSey/, tetrahedron
is involved, the corresponding Se-Se distance is equal to
V8/3d(Ge — Se') = 3.85 A. These typical distances are very
close to those contributing to gscse at nearly the same distance
[the arrows I and II in Fig. 8(b)]. They are also close to the
interchain correlation distance of 3.69 A found in amorphous
selenium' where only Se polymeric chains are present. This
identification simply reveals that at low Ge content, replacing
a Ge into a Se chain involves the same correlation distance
with a neighboring chain. However, as the Ge content and the
mean coordination number 7 increase, a fully cross-linked
network emerges. The intensity of this secondary peak in
gGese decreases, as already detected for the GeSe4 composition
(Fig. 7). It is the signature that such interchain correlation
distances contributing to d(Ge — Se'!) at low x are vanishing,
the second-shell Ge-Se neighbor distances now being mostly
originated by the random connection of GeSey/, tetrahedra.
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FIG. 9. (Color online) Pair distribution functions ggese and gsese
in GeSeg (thick black line, as in Fig. 7) and decomposition into
neighbor distributions. (a) Fifth (red) and sixth (blue) Se neighbors
around a Ge atom, compared to corresponding distributions in GeSe,
(broken curves). (b) Third (red) and fourth (blue) Se neighbors around
a Se atom, compared to corresponding distributions in GeSe, (broken
curves). Solid red curves merely correspond to arrows I in Fig. 8, and
solid blue curves to arrows II.

As a result, the fifth- and sixth-neighbor distributions broaden
and shift in position, while having a reduced intensity [broken
curves in Fig. 9(a)]. This leads to an important reduction of
the peak at d(Ge-Sel') which is barely visible at the GeSe,
composition. This situation contrasts with the one observed in
the partial gs.se wWhere the intensity of the secondary peak at
d(Se — Se'') ~ 3.81 A increases, while also becoming sharper
(Fig. 7). It signals that the main contribution to this peak in
GeSey is due to Se-Se interchain and second-chain-neighbor
correlations, which are reduced as the concentration of Ge is
increased. The GeSey,, tetrahedra involving a Se-Se distance
(the edge of the GeSey,» tetrahedra) become then the dominant
contributors to Se-Se correlations [broken lines in Fig. 9(b)]
for d(Se-Se™) in GeSe;.

B. Coordination numbers and bond angle distributions
1. Coordination from pair distribution functions

From the pair distribution functions of Fig. 7, we obtain by
integrating up to the first minimum (r,, = 2.9 A) the partial
coordination numbers nGeGe, NSeGe, and nsese for different
compositions (Table II). Note that one has (1 — x)ngege =
XNngGese- When one changes from GeSeg to GeSe,, a decrease of
the Ge-Se partial coordination number is found, which results
from the onset of homopolar Ge-Ge bonds (ET unit) and
an increase of ngege Once x > 25% Ge, leading to ngege =
0.25 at the stoichiometric composition (GeSe,). Additional
details on the neighbor statistics are provided below. From
such numbers, the Ge and Se coordination numbers can be
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FIG. 10. (Color online) Computed Se-Ge-Se (top) and Ge-Se-Ge
(bottom) bond angle distributions in Ge, Se;_, glasses for different Ge
compositions. These distributions have been calculated by including
neighbors separated by less than 2.9 A.

computed from 76 = NGeGe + NGese AN 115 = NseGe + Nseses
and results are given, again, in Table II. These show that for the
nonstoichiometric compositions (GeSeg, GeSe,, and GeSe;),
one has coordinations that follow directly the octet rule, i.e.,
nge ~ 4 and nge ~ 2. For the stoichiometric compound, the
presence of the ET unit and the occurrence of coordination
defects (see below) reduce the overall Ge coordination number
(nge = 3.80) while slightly increasing that of selenium (ng. =
2.08) because of the presence of a small amount of threefold-
coordinated Se.

2. Bond angle distribution

In Fig. 10 we show the Se-Ge-Se (fsegese) and Ge-Se-Ge
(BGesece) bond angle distributions. Two main features emerge.
First, the Se-Ge-Se bond angle distribution appears to be highly
symmetric around 109° at low modifier content, indicative of
an increased tetrahedral order when compared to the same
distribution for GeSe,, which contains a tail at lower angles
and also a lower intensity. These modifications appear to be
linked to the increased presence of defect coordinations (see
below) which display other preferential angles, e.g., 100° for
a fivefold-coordinated germanium (Ge"). This effect becomes
even more pronounced when a composition with a high Ge
content is considered, consistently with the increase of GeV for
GeSe,; (Table IIT). Second, two distinct peaks are clearly visible
in the Ge-Se-Ge bond angle distribution at about 80° and 100°.
These can be associated with edge-sharing and corner-sharing
tetrahedra, respectively [Fig. 8(a)]. The ES peak is intense at
low Ge content (GeSeg) and decreases in amplitude when the
Ge composition increases. It suggests that the fraction of ES
units is larger and dominates the tetrahedral bonding in GeSey,
as also characterized independently from the ring statistics.
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TABLE III. The proportion of the different coordination units
in glassy Ge-Se systems for the five compositions of interest. The
percentage of the central atom & (Ge' or Se') that has i neighbors is
given in bold font. The fraction of homopolar bonds among a given
species (0,1,2,3) is given in the next columns. The cutoff distances
for the calculation of the coordination numbers have been taken at
the minimum of the pair distribution functions (r,, = 2.9 A).

System o 0 1 2 3
GeSeo GeY' 965 965

GeV 35 0.1 34

Se! 0.2 0.2

Sell 97.3 73 284 61.6

Sell 1.5 08 07
GeSe, Ge" 1.1 1.1

Gell 0.3 0.3
GeV' 962  96.2

GeY 4.8 4.8

Se! 0.5 04 0.1

Sel! 983 279 419 284

Se'll 1.2 0.1 0.2 04 05
GeSe; Ge¥Y 965 869 9.6

Ge¥ 3.5 0.1 3.0 0.4

Se! 0.4 04

Sell 97.6 423 41.6 13.7

Selll 2.0 0.6 0.6 0.8
GeSe, Ge!! 1.6 1.6

Gel 11.1 11.1

Ge' 81.9 60.7 21.2

GeV 4.4 0.3 3.9 0.2

Se! 0.1 0.1
Sel! 91.7 714 18.1 23
Se'll 8.2 5.6 1.9 06 0.1

Ge,Se; (Ref. 51)  Gel! 3.5 3.0 0.5
Ge™™ 200 155 4.5
GeY 740 350 340 5.0
GeV 1.7 0.1 0.8 0.8
Se! 0.1 0.1
Sef! 82.0 82.0
Sell 147 146 0.1
Setv 0.2 0.2

3. Coordination details from neighbor analysis

From the detailed analysis of neighbors (Table III), we
now focus on the way the homopolar bondings are distributed
among species of a given coordination, as in Ref. 135. As
represented and discussed above (Fig. 7), homopolar Ge-
Ge bonds appear at the composition GeSes; and then grow
continuously up to the Ge,Se; composition.’!

In fact, further insight into the network topology and
its change with composition can be obtained by following
the coordination distributions Ge and Se/ (i = LILIII,IV,V)
around given species. These quantities are defined as the
average number of atoms of a given species (Ge,Se) that
are [-fold coordinated (Table III). As a first observation, one
notices that the dominant coordination is of course Ge'
and Se'' as also determined from the integration of the pair
distribution functions (Table II) or observed from the first four
neighbor distributions contributing to the first peak (2.35 A)
in the ggese pair distribution functions in, e.g., GeSeq (Fig. 9).
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For compositions belonging to the flexible and the intermediate
phases (GeSeq, GeSey4, and GeSes), the fraction of such species
is found between 97% and 98%, underscoring the tendency
towards a network with components fulfilling merely the
8 — N (octet) rule. Coordination defects such as Ge¥ and
Se'™ are found to be low (<3%) whereas Ge'!l is absent. At
higher compositions (GeSe,) however, threefold-coordinated
species increase substantially (11.1%) and lead to a network
that contains a larger fraction of miscoordinated atoms, this
situation being also encountered for the Se atoms which
show a decrease in Se! coordination from 97.6% to 91.7%
between GeSes; and GeSe,. The increase of Ge content leads
to enhanced chemical disorder with larger amounts of bonding
defects.’!

The detail of the bonding scheme on each of these /-fold-
coordinated species shows that most of the homopolar Ge-Ge
bonds are always found as single defects on Ge!V species, i.e.,
one has predominantly one homopolar bond among the four
bonds, i.e., a majority of GeGeSe; and no Ge,GeSe; units for
x < 40%.

C. Ring statistics and medium-range structure

The topological intermediate-range order can be character-
ized using aring statistics algorithm which has been applied for
all compositions from the rigorous investigation of networks
generated using simulation (RINGS) code.'®” A cutoff distances
of 2.9 A has been used for all atomic pairs (Ge-Ge, Ge-Se,
and Se-Se), corresponding to the minimum r, of the pair
distribution functions (Fig. 7). The algorithm is mostly based
on the King'®!-Franzblau'®? shortest-path search to find rings
containing a maximum of 14 atoms. In addition, such a
statistical search can be refined by considering either every
atom during the ring search mode, or a selected type (e.g.,
Ge).

Figure 11 displays the ring statistics R™ for five compo-
sitions in the amorphous Ge-Se system, including Ge,Ses.!
First, one should note that all sizes n of rings are involved,
i.e., both odd- and even-sized rings. For the stoichiometric
composition (x = 33%), this situation contrasts with cor-
responding oxide glasses (SiO,, GeO,), which have only
heteropolar bonds, and lead only to even-sized rings.'®>!64
It results from the presence of homopolar Ge-Ge or Se-Se
bonds (see Fig. 7) which allows the possibility of having closed
loops of odd size, a direct indication that the corresponding
ring will contain homopolar bonds. As these are found at
all compositions (Se-Se for chalcogen rich and Ge-Ge close
to the stoichiometric GeSe;), odd rings are encountered for
all investigated compositions. Inspection of Fig. 11 shows
that the increase of Ge composition x tends to increase the
number of possible ring structures. At low Ge content (i.e.,
GeSey), one finds only a limited number of rings (R™ < 4
whatever the size n) due to the chainlike nature of the network
backbone which prevents formation of small (n = 4-7) and,
moreover, intermediate-sized (n = 8—14) rings. A search of
closed loops of sizes larger than n = 14 (not represented)
shows that such chalcogen-rich systems have rings containing
up to 18-20 atoms. For the chalcogen-rich composition GeSey,
no evidence of possible Seg is found. These have been detected
from the structural analysis of crystalline selenium'®> while
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Size n of the ring

FIG. 11. (Color online) Calculated number of rings R® in
amorphous Ge, Se,_, for different Ge compositions using the RINGS
method (Ref. 160).

ring structures have been detected in the liquid and amorphous
phases. %197 Here, one finds only the presence of a large-sized
ring (RUD) (Fig. 11) which may be reminiscent of such closed
loops in the base Se glass.

1. Connection with the outrigger raft model

The growth of the Ge content leads to an overall increased
cross-linking tendency which manifests by a global growth of
all types of rings.'®® However, the distribution is dominated
by smaller rings having n < 7, i.e., rings containing either
four [ES motifs, Fig. 8(a)], five, or six atoms. These are
the elementary building blocks that appear in the outrigger
raft model proposed by Phillips and co-workers!®® on the
basis of the structure'® of crystalline GeSe,, and which has
been extensively dicussed in the literature.**!7%'72 For this
compound, our computed ring ratio for four-, five-, and sixfold
rings is 10:8:7, i.e., quite different from the one extracted from
the outrigger raft structure, which is 1:2:2 (specifically Fig. 2 in
Ref. 168). Moreover, within this picture,'*® only fivefold rings
(R®) contain Se-Se homopolar bondings, whereas Ge-Ge
bonds are not proposed. From a detailed analysis of our ring
statistics result (Table 1V), one finds not only that fivefold
rings can contain a variety of bonding motifs with one, two,
or three Ge atoms, but also that six-membered rings (fully
heteropolar in the outrigger raft model) have homopolar bonds
as well. The ratio of the three bonding types (Ge-Ge, Ge-Se,
Se-Se) within such rings strongly depends on the Ge content
as can be seen in Table IV. For instance, in GeSe, fivefold

PHYSICAL REVIEW B 88, 054203 (2013)

TABLE IV. Calculated distribution of Ge atoms (in %) within
five- and six-membered rings, using the RINGS analysis (Ref. 160).
The second column indicates the number n(Ge) of Ge atoms that are
part of a given ring.

Ring  n(Ge) GeSey GeSey GeSe; GeSe, Ge,Se;
5 1 04 12.3
2 80.7 100.0 100.0 14.1 2.7
3 18.9 73.6 96.4
4 0.8
6 2 3.0 50.4 28.5
3 88.3 49.6 71.5 85.4
4 14.6

rings contain a fraction of n(Ge) = 12.3%, 14.1%, and 73.6%
for one, two, and three Ge atoms, respectively. From this
statistics, one realizes that the fivefold ring motif proposed
in the outrigger raft model for GeSe, [two Ge atoms and
four Se atoms,'®® i.e., fivefold rings with n(Ge) = 2], has an
occurrence of only 14.1% (Table IV) but surprisingly 100%
for the IP compositions GeSe, and GeSes. This ratio then
decreases to 2.7% for Ge,Se;. At this composition of 40%
Ge, the probability of finding small rings is equal to R™ ~ 10
(Fig. 12). Larger ring structures (n > 11) also grow as the
increase of connectivity leads to enhanced possibilities of
finding large closed loops during the ring search.'®® Similarly,
the six-membered ring which is fully heteropolar in the
GeSe, model'®® contains defects which can be tracked with
composition and reveal a much more complex picture than the
one derived from the outrigger raft structure. For instance, the
sixfold ring appears to contain a large fraction of heteropolar
bonds for the GeSe, compound (88.3%) whereas homopolar
bonds can be found at larger Ge compositions (e.g., GeSes).
Of special interest are the rings which contribute to the first
part of the distributions shown in Fig. 11,i.e., R" withn < 7,
leading usually to a distinct spectroscopic signature.!”3!74
When represented as a function of Ge composition (Fig. 12),
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FIG. 12. (Color online) Number of small rings R™ (3 < n < 8)
in amorphous Ge, Se;_, as a function of Ge composition x. The gray
zone indicates the experimentally determined intermediate phase.
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TABLE V. Calculated ES:CS ratio in amorphous Ge,Se;_, and
comparison with experimental estimates from Raman scattering
(Refs. 68,96, and 175), NMR, (Ref. 175), and neutron diffraction
(Refs. 110 and 157).

GeSey GeSey GeSe; GeSe, Ref.
Present work 0.86 0.42 0.32 0.96
Raman 0.20 0.18 0.21 0.35 68
0.25 0.22 0.31 0.44 96
0.20 0.19 0.26 175
NMR 0.31 0.25 0.37 175
Neutron 0.34 110,157

most of them display marked changes between the GeSe; and
GeSe, compositions. For instance, four-, and sixfold rings
show an important increase from R™ = 2-4 for x < 25%
(GeSes) to 7-10 for the GeSe, composition. At low x (GeSey),
ES motifs dominate the ring statistics, as already detected
from the prominent peak at d(Ge-Ge") in the pair distribution
function ggege (Fig. 7) and in the ES contribution of the bond
angle distribution (Fig. 10). For larger compositions, the ES
structure (R®) is found to remain constant while fivefold
rings display a continuous increase over the whole range of
composition (Fig. 12).

Can such features be related to experimental measure-
ments? Both Raman spectroscopy®®°®!17> and 77Se NMR
(Ref. 175) have followed the ES:CS ratio with composition
as these two GeSey > connections lead to typical vibrational
modes in, e.g., the Raman spectroscopic peaks (200 and
250 cm™!, respectively®®). In the present simulation and in
the absence of Ge-Ge bonds, the fraction of n = Ngg/Ncs
can be simply estimated from 1 = 2R® /Ng.(x) which leads
to n =0.86 and 0.42 for GeSey and GeSe4, respectively.
To obtain the fraction of CS tetrahedra in the presence of
Ge-Ge bonds, we follow the procedure used in Ref. 109
where Ncs = 1 — Ngs — Ngege and Ngege 18 determined from
the neighbor analysis (Table III). As noted earlier from
independent simulations of some specific compositions,'*?
we do find an ES:CS ratio which is much larger than the
experimental counterpart,''° this being especially true at large
Ge content (Table V). However, it should be noted that even
the experimental estimate exhibits some spread that has been
attributed to sample homogeneity.®

While the effect of the system size appears to be
negligible,'>® the increased fraction of ES tetrahedra from
FPMD simulations may actually arise from the thermal
history of the amorphous systems which involves quenching
rates that are much higher (10 K/ps) than the experimental
counterparts.® A recent ab initio MD study on a similar
system (GeS;) has shown that indeed the medium-range
order'’® (FSDP) and the ring statistics'’” are affected by the
quenching rate. For this particular system, the fraction of ES
tetrahedra appears to decrease with decreasing cooling rate,
thus indicating an overall tendency that is consistent with the
overestimation of the ES rate (Table V) of the simulated Ge-Se
glasses. However, given that all amorphous compositions have
been obtained with the same thermal history, the relative trends
in composition of the ES rate and, more generally, the rings
statistics can be considered as robust. In fact, we do find a
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FIG. 13. (Color online) Examples illustrating the definition of
(i) the probability P that a ring of size n (here n = 5) is the
longest closed-path solution of the analysis over Ge atoms, and
(ii) the probability P that a ring of size n (again n = 5) is the
shortest closed-path solution of the analysis. One has P®) = 100%

and P = 100% if any of the atoms of a considered ring (in red)

min
connect to another ring of the same size (a). One has P, < 100%
if the considered (n = 5) ring contains Ge atoms which connect to a
ring of smaller size [n = 4, green (b)]. One has P8 < 100% if the

considered (n = 5) ring contains Ge atoms which connect to a ring
of larger size [n = 5, blue (¢)].

minimum in the ES rate for the GeSes-GeSes; compositions,
in agreement with the experimental estimates.®39%175

2. Ring correlations

The next question one can consider is the ring connectivity,
i.e., one wonders if there are any correlations between rings
of a given type. We define the quantity P, which is the
probability that a ring of size n is the longest closed path (i.e.,
the largest size) having the same atom as the starting point of a
search. Similarly, for a given atom in an n-fold ring, P) gives
the probability that this ring is the shortest closed path having
this same atom as the starting point of a search. Figure 13
illustrates these two definitions with several examples. Results
for the various compositions are displayed in Fig. 14 where
the probabilities P for Ge atoms are followed with x. P"),
increases with n, whatever the composition (not shown). This
simply indicates that when one considers a Ge atom belonging
to aring of small size n, one can always find this atom as being
alsopartofaring of sizem > n sothat P ~ 0 for most of the
small »n’s. For larger sizes (n > 7), however, it becomes more
difficult to find such Ge atoms in rings of size m > n so that
P becomes nonzero. Of special interest is the composition
x = 10%, for which P\ peaks at n = 5 with a probability
close to 90% (not shown). These findings (Fig. 13) indicate
that the fivefold rings are either isolated or always connected
to fivefold or fourfold rings (in the latter case P") = 100%;

see below).

054203-11



M. MICOULAUT et al.

100 T T ‘ T
L (a) i
80| .
< 60
€. 7 10/ ]
£ 40 | H
D_E I 40 |
20— 25 ]
O _'
12
100 :
o
90 (b) ]
§ 80 —_
= 70 .
£ _
ot 60 .
50 .
40 '
5 10 15 20 25 45

Ge (%)

FIG. 14. (Color online) Ring connectivity (Ref. 160): (a) P for
different Ge compositions in amorphous Ge,Se;_, with x ranging
from 10% (GeSey) to 40% (Ge,Se;). Results of the two end
compositions [10% (GeSeq) and 40% (Ge,Ses)] are represented in
thick lines. (b) Evolution of P with composition, for five- (n = 5)
and sixfold (n = 6) rings.

The quantity P} behaves in exactly the opposite way, i.e.,
P = 100% for small n, because it is difficult for a given
size n to find a Ge atom belonging also to a ring of size
p < n. As the Ge composition and thus the number of small
rings (n < 7) increases (Fig. 12), one expects indeed to see
P decrease for any size n because the increase in network
connectivity will lead to the occurrence of smaller loops during
the ring search. However, important changes take place with
composition, and these are represented in Fig. 14(a). First, one
remarks that at high Ge compositions (33% and 40%) nearly
all rings with n > 7 connect to smaller ones as P ~ 0.
This is not the case for lower compositions since P%) # 0
when n < 10 for, e.g., GeSe;. The smaller-ring connectivity
(n = 5,6) can be followed with composition [Fig. 14(b)] and
one finds a continuous decrease of P&, which is consistent
with the overall increase of the network connectivity. On
the other hand, a nonmonotonic variation for the sixfold-ring
connectivity is found. In fact, the probability P® is maximized
for the particular composition GeSe4. At low Ge composition,
one does not expect to find an important number of Ge atoms
so that correlations between two rings of the same type (i.e.,
leading to P& = 100%) are rare, i.e., P8 ~ 45% for GeSe.
More surprising is the important growth to nearly 100% for
the GeSe4 composition [Fig. 14(b)] which underscores a clear
tendency to cluster sixfold rings whenever possible.

The resulting picture can be established as follows in the
context of flexible-to-rigid transitions: In the flexible phase

(GeSeg) one has only has small rings (four, five, and six
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membered) and these tend to be isolated [Figs. 11 and 14(b)].
In the IP, the number of rings does not increase substantially
with composition (Fig. 12) but the way these rings connect
together changes, promoting some specific ring correlations
(P& =100%). In the stressed rigid phase, the number of

rings increases abruptly forn = 4 and 6 whereas P} and P{")
tend to decrease as more and more ring correlations between

various sizes are now possible.

V. CONNECTION WITH BOND MODELS AND
WITH TOPOLOGICAL CONSTRAINTS

A. Statistical bond models

Having established the distribution of various bonds and
coordination numbers with composition (Table III), one can
now check the validity of simple models for chemical ordering
in Ge-Se. These cannot be discussed on the basis of pair
distribution functions alone [e.g., the Bhatia-Thornton gnn(r)
as emphasized in Ref. 83]. In fact, such simple models are
usually based on a network which is supposed to follow the
(8 — N) octet rule, leading to 100% nge = 4 and nge = 2, a
situation that is not fully realized as shown from our detailed
neighbor distribution analysis (see Table III).

1. Simple pair models

According to the random covalent network (RCN)
model,!”®!7 one has a purely statistical distribution of bonds
of probability pl].}CN o W;jx;x; where x; and x; (i, j = Ge,Se)
are the concentrations of the species Ge and Se, and W;; =
(2 —68ij)n;n; is a statistical factor taking into account the
number of equivalent ways to connect two species together
and involves the coordination numbers ng. and nse, §;; being
the Kronecker symbol. With the normalization condition

RCN
Zi’j P = 1, one has, e.g.,

16x2
C
PGece = 2 “)

8x(1 — x)
) ®

An alternative model, the chemically ordered (CON)
model, 78180181 quogests that only Ge-Se and Se-Se bonds
are possible in the Se-rich (x < 33%) region, whereas Ge-Ge
and Ge-Se bonds populate the network only for compositions
larger than 33% (GeSe;), given that one will now have an
excess of germanium regarding stoichiometric balance. This
definition leads to, e.g., pggg o (1 —3x) and pggsl\; o« x for
x < 1/3. At the stoichiometric GeSe,, a fully heteropolar Ge-
Se bonded network is proposed, which is already contradicted
by both simulation and experimental findings (Fig. 7). The
validity of such models have been discussed recently on the
basis of NMR experiments.!”>132 Correlations at the next level
(triplets) have been proposed in a similar fashion, assuming
that the probability of having Se-Se-Se will vanish at some
typical composition, e.g., at the mean-field rigidity transition
x = 0.20,'8 or at the stoichiometric GeSe,.'% Similarly, a
self-organized size-increasing cluster (SIC) model has been
proposed to account for the rigid intermediate phase®*’3!134
and leads also to the statistics of such triplets. Here, Se chains
and GeSey; tetrahedra connect together but stressed rigid CS
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FIG. 15. (Color online) Comparison of the computed bonding
statistics of the FPMD simulations with simple bond models: (a) Pair
models: Random covalent network model (Refs. 178 and 179) (RCN,
broken lines) and chemically ordered model (Refs. 178,180, and 181)
(CON, dotted lines) of Se-Se (black), Ge-Se (green), and Ge-Ge (red)
bonds compared to FPMD results (filled squares). (b) Triplet models
for Se-Se-Se: Fully clustered model (Ref. 183) (dotted lines), chain-
crossing model (Ref. 105) (broken line), and size-increasing cluster
model in the random (Ref. 185) (thin solid line) or self-organized
(Ref. 24) (thick solid line) case, compared to results from NMR
[open circles (Ref. 175)] and the present simulations (filled squares).
(c) Triplet models for Se-Se-Ge: Similar comparison.

tetrahedral connections are avoided to favor ES structures. In
summarizing all these simple models of amorphous Ge-Se
networks, it should be emphasized that (i) all models follow
the 8 — N (octet) rule which leads to fourfold-coordinated
germanium and twofold-coordinated selenium and neglect the
possibility of having coordination defects, and (ii) all models
except the RCN model neglect the possibility of having Ge-Ge
homopolar bondings.

From the bond statistics calculated (Table III), one can
discuss the validity of these models. First, one realizes that the
simple bond statistics (Se-Se, Ge-Se, Se-Se) is neither random
(RCN) nor chemically ordered (CON) as shown in Fig. 15(a).
In fact, we notice that the statistics of, e.g., Ge-Se is by far much
larger than the one predicted by these simple models.'”%180 Ag
the determined fraction of Ge-Ge is rather small (but nonzero)
in the simulations, the disagreement is certainly worse for the

PHYSICAL REVIEW B 88, 054203 (2013)

random covalent network case, which assumes a continuous
increase of Ge-Ge bonds up to a probability of 25% for GeSe;.

2. Triplet models

Similarly, we compare our results with the triplet statistics
Se-Se-Se [Fig. 15(b)] and Se-Se-Ge [Fig. 15(c)] derived from
other sets of models®*!9133 and with experimental results
from NMR.!7>182 Tt is found that the statistics of Se-Se-Se
bonds determined from our FPMD simulations agrees quite
remarkably with that determined from NMR [Fig. 15(b) and
Ref. 175], at variance with the other reported statistics (Se-Se-
Ge) for which a factor of 2 difference between calculated
and measured values is found. However, the same trend
with composition is obtained, i.e., a bond statistics which
is maximized for the IP compositions GeSes; and GeSes
[Fig. 15(c)]. When our results are compared to simple triplet
models, it is found that bonding correlations do not follow a
random network description (thin solid line and Ref. 185)
taking into account all possible connections between Se
chains and GeSe, tetrahedra, including the ES connection
between two GeSey,; tetrahedra. When comparing such triplet
statistics [Figs. 15(b) and 15(c)] with the results from the
present simulation, the closest agreement is obtained for the
self-organized cluster model®* but it should be recalled that it
does not assume Ge-Ge bonds, and thus fails to describe the
entire compositional range of interest.

B. Link with topological constraints

In order to link the atomic-scale trajectories with the
simple topological constraint count, we now analyze the
rigidity of the different compositions by applying recently
introduced methods for computing bond-stretching (BS) and
bond-bending (BB) topological constraints.'”-13% We recall
that in the mean-field count>">?> one has five BB and two BS
constraints for the Ge atom, and one BB and one BS constraint
for the Se atom, so that the total number of constraints**
is n, =2 + 5x. However, this count does not provide any
connection with the simulated atomic structure, assumes the
octet rule, and neglects chemical disorder. Neither does it take
into account self-organization, accounting for the emergence
of an IP on the basis of phenomenological models.>*7+

The number of BS constraints can be directly esti-
mated from the evaluated coordination numbers ng. and nge
(Table 1II), showing that these will lead to the anticipated
value obtained from the simple Maxwell count, i.e., n®8 =
xnge/2 4+ (1 — x)nse/2, as also indicated by the calculated
value of the mean coordination number 7 (Table II) and from
the low radial excursion between pairs of atoms.'3” It appears
that most of the effect of stressed rigidity can be detected from
the angular motion but instead of treating angles on average at
a global level,'* a different analysis can be made which leads
to additional insight.

During the simulation, the angular motion of each indi-
vidual atom k is followed and this leads to a bond angle
distribution Pr(6), which can be characterized by a first
moment 6 and a second moment (or standard deviation 09, )-
The former provides a measure of the mean angle, the latter
representing a measure of the strength of the underlying
angular or three-body interaction. If oy, is small (typically
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FIG. 16. (Color online) Distribution of Ge angular standard
deviations for different compositions in the Ge-Se system. The total
distributions have been split depending on the neighbor number: an-
gles involving the first three neighbors (102,103,203, black symbols),
and the fourth neighbor (104,204,304, red symbols). Here O represents
the central atom and the numbers 1,2,3,4 the neighbors so that e.g.
the angle 102 involves the two first neighbors of the central Ge (0)
atom. The solid curves are Gaussian fits which serve to estimate the
population of broken constraints at high x content.

5°-10°), it indicates that the corresponding BB restoring force
which maintains the angle fixed around its mean value §; can
be considered as an active BB constraint and will contribute to
network rigidity. One can of course use the opposite reasoning
when large values of oy, are found, and these result from
large angular motions which are associated with ineffective
constraints. Once the analysis is performed over the whole
system (i.e., k), one obtains a distribution f(o) of standard
deviations which can be analyzed and tracked as a function of
composition or temperature'®” or even pressure.'®”

Figure 16 shows the distribution of Ge-centered angular
standard deviations f(o) for the five compositions in the
Ge-Se system. The analysis has been also performed on the
additional®' composition (Ge,Se3). For the flexible GeSeq
and intermediate GeSe, compositions, one finds a single
distribution for all six involved angles (102, ...,304) located
atlow o =~ 8°-9° indicative of a weak angular intratetrahedral
motion. However, for larger compositions corresponding
angles involving the fourth neighbor (104,204,304) partly
soften. As a result a bimodal distribution (red curve) is
found, indicative that some angular constraints (¢ ~ 22°) are
now broken. An enumeration shows that the fraction & of
broken constraints is 17.2% and 21.4% for GeSe, and Ge,Ses,
respectively. This implies a reduction of the number of Ge BB
constraints by a quantity An. = 3x£, i.e., 0.17 and 0.26 for
the aforementioned compositions, so that n,. is reduced from
3.67 to 3.50 and from 4.00 to 3.74 for GeSe, and Ge,Ses,
respectively.

What is the origin of such a softening? In the stressed rigid
phase, because of the high network connectivity, asymmetric
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bending motions inside GeSes/, tetrahedra appear as the
additional cross-links force softer interactions (i.e., angles) to
adapt and to break the corresponding constraint. This leads to
increased angular excursions around the mean value for atomic
Se-Ge-Se triplets involving the farthest (fourth) neighbor of a
central Ge atom. The present argument is consistent with the
well-known relationship between stressed rigidity and bond
mismatch in simple bond networks:'" in a disordered system,
atoms with a given coordination number cannot fulfill all their
bonds at the same length because of a too high bond density
or network connectivity. The same happens for angles in more
complex networks such as those under consideration.

VI. ELECTRONIC PROPERTIES

Figure 17 shows the electronic density of states (EDOS) for
the different Ge-Se compositions. For each composition, these
calculations have been extracted from a set of 50 uncorrelated
configurations on which an eigenvalue (Kohn-Sham energies)
computation has been performed. First, one should note that
the calculated profile of the valence bands is very close to the
one determined experimentally at various Ge compositions
from x-ray photoemission spectroscopy'®'~1?3 (XPS), and are
consistent with earlier theoretical work coming either from
band theory'°>!194-1% or MD simulations.'?® One finds indeed
an EDOS profile which contains the two (Ge,Se) 4s bands
between ~—15 and ~—6 eV, well separated from the valence
4 p band structure, the contribution to the latter being mostly
affected by the increase of the Ge concentration. Concerning

—
4

—
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o
o
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FIG. 17. (Color online) Computed electronic density of states
in Ge,Se,_, for different compositions (black lines). The results
are compared to experimental measurements from (i) photoemission
spectroscopy [black circles (Ref. 191), open red circles (Ref. 192),
filled red squares (Ref. 193)] for the valence bands and (ii) inverse
photoemission measurements [black circles (Ref. 198)] for the
conduction band. For a better comparison along the x axis, the
experimental curves have been adapted to match the valence band
edge around the Fermi energy and up to the top of the A, peak.
The upper horizontal axis shows the peak assignment established in
Refs. 198 and 197 (see also Table VI).
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TABLE VI. Calculated (bold character) peak energies (in eV) in the EDOS, compared to other theoretical modeling (Ref. 126) and to values
obtained from photoemission (Refs. 191-193, and 197) and inverse photoemission (Ref. 198). All energies are referred to the Fermi level.
Some experimental numbers have been extracted from digitalized figures. The origins of the different bands (Ge s, Ge p, etc.), determined
from the calculated partial EDOSs are indicated at the bottom of the table.

System Ay A, Az B C o B Ref.
GeSey -13 —4.4 -17.7 —12.6 2.1
—-1.8 —4.5 -85 —14.0 Ref. 192
—-1.8 —4.7 -89 —15.0 Ref. 193
GeSey -1.1 -4.1 -7.7 —12.6 2.0 4.0
- 1.7 —-4.0 —82 —14.0 Ref. 192
-1.7 —4.1 —-8.7 —14.0 Ref. 193
GeSes -1.1 —-2.7 —4.5 -8.1 —12.7 2.0 4.1
23 4.9 Ref. 198
GeSe, -13 —-29 —-74 —-129 1.5 3.6
—-14 —-2.7 —4.6 -7.0 Ref. 126
—14 -3.0 —4.6 —17.8 Ref. 197
—-25 —4.7 —6.6 —-95 —14.7 Ref. 191
2.1 4.7 Ref. 198
Ge,Ses —-0.8 —24 —-74 —-123 4.1
—-22 —8.2 —135 Ref. 192
24 Ref. 198
Origin Se p Se p Ge p Ges Ses Ses Ge p
Se p Ges Se p

the comparison of our calculation with the previous electronic
modeling of Cobb et al.'?® (see also Table VI), we do find
an exact correspondance for the GeSe, compound, i.e., an
intense s band peak at —12.9 eV (C peak) with a shoulder
peak on the lower-energy side (Fig. 17), a somewhat broader
peak (B peak) at —7.4 eV, and a structured p band consisting
of an A, peak at —2.9 eV and an A; peak at —1.3 eV. At this
concentration (GeSe;), one can hardly discriminate between
the A, peak and its companion peak A3, the latter having been
reported at —4.6 eV from numerical'?® and experimental'®’
studies. However, it can be seen that its energy estimation is not
fully established (Table VI), and one should also have in mind
that this A3 contribution seems to be essentially a shoulder
peak of the valence band peak, as discussed in Ref. 126. The
relevant peaks found in the conduction band (« and B peaks;
see Fig. 17) from inverse photoemission!*® are also reproduced
with confidence from our simulations for GeSe,, although
slightly shifted when compared to Ref. 126 and to experimental
data.'”® Table VI provides the relevant calculated and reported
peak positions.

What are the effects of a change in composition? For the
GeSeg and GeSes compounds, one must first note that the
valence band structure is in excellent agreement with the
most recent XPS measurement from Golovchak et al.;'>
in particular the splitting of the valence band is clearly
reproduced, with a minimum at —2.5 eV, separating the Se 4p
(A;-A3) and Ge 4 p electronic contributions (A;). An increase
of the concentration tends to reduce such a structured band
and leads for the Ge-rich Ge,Se; composition to a nearly
single broad band between —5 eV and the Fermi energy. We
find an important change in the conduction band between
the GeSeg and the GeSes systems (Fig. 17). In fact, for
the flexible composition the conduction EDOS consists of a
single band centered at 2.1 eV, whereas a double contribution

is found at larger compositions and is obtained up to the
stoichiometric GeSe,. For larger compositions, the o peak
found at ~2.0 eV for smaller Ge compositions (x < 40%)
becomes only a shoulder of the main 8 peak obtained at4.1 eV.
The change obtained between GeSey and GeSey is in line
with results from photoemission and inverse photoemission
measurements, indicating an abrupt change of the valence
and conduction bands at the stiffness transition,!” the single
broad conduction band centered around the o peak obtained
in the simulation being experimentally detected up to 18%
Ge. Effects of composition and the nature of the elastic
phase (flexible, rigid) on electronic properties have been
independently reported,”® and it has been shown that a
maximum photosensitivity is obtained for 22% Ge, i.e., close
to the centroid of the intermediate phase.

Calculation of the projection of Kohn-Sham wave functions
onto the wave function associated with the atomic species
allows determination of the partial contributions of Ge and
Se to the EDOS. We find that Ge 4p electrons contribute to
the first peak (o) of the conduction band, located at ~1.5 eV
for GeSe, [experimentally 2.1 eV (Ref. 198)], whereas Se 4s
and 4p electrons contribute to both peaks (« and §) of the
conduction band. This thus provides a more detailed insight
into the structure of the conduction band, which has been
formerly described as mainly dominated by Se p orbitals'?%!%°
near the bottom of the conduction band.

When compared with experimental measurements,”°! the
estimated optical band gap E, (taken at the half amplitude of the
Aj peak) shows arather good agreement (Table VII) within the
typical error bars since DFT is known for gap-underestimation
problems.'#” For the stoichiometric GeSe,, the obtained value
(1.61 eV) is somewhat lower than the one obtained from other
simulations'?® (1.72 eV) but is in excellent agreement with
some experimental findings (1.61 eV) for glasses investigated
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TABLE VII. Calculated optical band gap energy E, (eV) for
different Ge-Se compositions, and comparison with experimental
data.

GeSey  GeSey  GeSe; GeSe,  Ge,Se; Ref.
E, (eV) 1.38 1.57 1.55 1.61 1.74
1.52 1.57 1.61 1.17 201
1.78 1.59 202
2.40 198

as a function of composition,?’! whereas being either under-
or overestimated for other studies!*%202203 (2.2-2 4 eV). Note
that optical gaps increase when thin films are considered?3-2%4
or annealed.’”! When compared with the systematic study
of Ref. 201, the global behavior of E,(x) is in excellent
agreement up to the stoichiometric compound GeSe,, i.e., one
finds an increase with Ge composition from a lower value of
E, (1.38 eV for GeSey) to 1.61 eV for GeSe,. Experimentally,
amaximum in E, has been rep01'ted,201 which is not obtained
here.

VII. VIBRATIONAL PROPERTIES
A. VDOS and floppy modes

The vibrational density of states g(w) is represented
in Fig. 18 for different compositions, and compared to
experiments,”’ using the Fourier transform of the velocity-
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FIG. 18. (Color online) Calculated vibrational density of states
(VDOS) in Ge, Se, _, for selected compositions, compared to results
from inelastic neutron scattering [open circles (Ref. 27), open squares
(Ref. 100), red squares (Ref. 127)]. Note that the calculated VDOS
of GeSey is compared to experimental data (Ref. 27) on GegSey,.
The experimental VDOS of amorphous Se is given for comparison
and permits identification of the floppy mode (5 meV), and the BB
(16 meV) and the BS (31 meV) energy (see Ref. 27 for details). The
energy scale in cm™! is provided (top axis) for a direct comparison
with Fig. 21 and for the discussion (see text for details).
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velocity autocorrelation function:

1

N o0
g(w) = WBT;/_OO(VJ-O)VJ-(O))(; dt. (6)

The main features of the VDOS are very well reproduced and
consist for the GeSe, compound of a broad band centered at
10 meV, a second band at 30—40 meV, and an intermediate
contribution at 25 meV. We note a systematic redshift of the
higher-fequency band (30—40 meV) of the calculated VDOS
when compared to the experimental counterpart, as in previous
ab intio modeling.'?%!27 The structure of the band is fairly well
reproduced with two typical frequencies computed at 31.2 and
36.5 meV (experimentally, 33 and 36.5 meV, respectively'?).
This discrepancy may result from the exchange-correlation
functional as has already been shown for the specific case of
the infrared spectrum.?®® Gradient corrections have the general
tendency to overcorrect bond lengths?® with the clear effect
that all vibrational modes and, specifically, the stretching ones
at higher frequencies, become slightly “slower” thus giving
rise to the observed redshift. One should also note the spread
in experimental data’”'% for the GeSe, composition. The
evolution with composition is characterized by a stiffening
(increase) of the higher frequencies as the system becomes
rigid, whereas the low-frequency band changes only moder-
ately at a global level and remains in excellent agreement with
experimental data.

The structure of the band between 20 and 40 meV changes
in an important fashion with composition as seen from the total
VDOS and from the partial contributions (Figure 19). This
band reduces to a single peak at 30 meV in the corresponding
experimental VDOS of pure Se (Fig. 18) and is identified with
Se BS vibrations.?” Among different contributions, the peak
at 25 meV for GeSe, (the so-called A; peak®”’) is usually

9(E) (meV")

g(E) (meV")

E (meV)

FIG. 19. Calculated partial (Ge, top and Se, bottom) vibrational
densities of states (VDOSs) in Ge, Se;_, for selected compositions.
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associated with tetrahedral A, breathinglike vibrations®’->’8

as also extensively discussed in the literature from results
of Raman spectroscopy.”®!%8210 Cobb et al.'*® determined
that the motion involved in this A; mode contains several
contributions arising not only from the breathinglike motion
(in the range 24-26 meV, the A; peak) but also from the
atomic motion of Se atoms linking edge-sharing tetrahedra
(26-29 meV, the A, peak®®®). Based on our partial VDOS
(Fig. 19), one realizes that these contributions have different
trends with Ge composition. The higher-frequency motion
associated with the A, peak is in fact much more intense for
the Se-rich compositions GeSeg and GeSey, and then decreases
in intensity as the Ge content is increased. This is consistent
with the dominant presence of ES motifs at those compositions
(Figs. 10 and 12). On the other hand, the detail of the partials
(Fig. 19) shows that the A; peak at ~25 meV arises also from
Se atoms but behaves in the opposite way, i.e., its intensity
increases as the Se content decreases, while the peak position
obviously depends on composition. These features underscore
the reduction of such breathinglike motions once the network
becomes more and more connected.

Finally, the low-frequency band (E < 20 meV) is very
well reproduced from our simulations, and this holds for
all compositions, especially for E < 10 meV. The dominant
contributions to such frequencies clearly arise from Se atoms
as shown in Fig. 19. For the flexible composition GeSey,
the VDOS does not contain any vibrational modes with zero
frequency (floppy modes) as first suggested by Thorpe®! and
Cai and Thorpe?!? from idealized bond-depleted amorphous
networks constrained by a harmonic potential reproducing
BS and BB forces. However, our findings are in line with
the experimental results,?’ i.e., one does not find g(w) # 0
at w >~ 0 for GeSeg, which would indicate the presence of
zero-energy modes. One reason for the lack of such modes
comes from the fact that residual forces are not taken into
account in the rigidity approach?! (dihedral, Van der Waals,
etc.) and these lead to a finite value for the floppy-mode energy,
of about 5 meV, clearly observed in the experimental VDOS of
elemental Se (Ref. 27) (Fig. 18) and acknowledged in the Se
partial VDOS at a corresponding value of 4.6 meV (Fig. 19).
With addition of Ge content, this contribution clearly loses
intensity, in agreement with the loss of flexible modes for
larger compositions.

B. Dielectric function

In order to gain additional details of the vibrational
properties, we calculate the real and imaginary parts of the
dielectric function, the latter being directly comparable to the
infrared absorption spectra. During DFT simulation the total
dipole moment M(¢) can be evaluated®'! and contributes via the
Fourier transform of the dipole-dipole autocorrelation function
to the absorption spectrum, using the linear response theory

framework and the maximum entropy inversion method:?!?

4w tanh(Bhw/2) [ _.,
= CMEM©O0))de, (7
a(w) Vi) Jy € (M(1)M(0)) @)

where V is the volume, 8 = 1/kgT, and n(w) is the refractive
index. Figure 20 shows the computed quantity n(w)o(w)
which is nothing else than the imaginary part of the dielectric
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FIG. 20. (Color online) Computed imaginary part &, of the
dielectric function in GeSe,: Present calculation using the dipole-
dipole autocorrelation function [Eq. (7), black curve], experimental
measurement from IR absorbtion (Ref. 213) (circles), finite electric
field method using either the PW (Ref. 216) (red curve) or the
BLYP (Ref. 144) (blue curve) functional. Red arrows indicate the
usual mode assignments (Refs. 209 and 217) and black arrows local
modes extracted from the vibrational analysis of an isolated GeSey,
tetrahedron (see text for details).

function &, i.e., the transverse response spectrum or infrared
absorbance. The direct calculation for GeSe, using Eq. (7)
is compared to experimental infrared data,”!®* and to an
alternative method”'* using a finite electric field in conjunction
with the computation of coupling (dynamical Born charge?'”)
tensors based on the first derivative of the atomic forces
with respect to the electrical field.'**?'® When compared
to experiment,”’’> a clear improvement is obtained when
dipole-dipole autocorrelation functions are used, instead of
such alternative methods (Fig. 20). In fact, beyond positive
methodological aspects [i.e., direct calculation of M(¢) during
the simulation?7-2!8], the present calculation marks substan-
tial progress when compared to previous modeling of the
dielelectric function using either the Perdew-Wang?'® (PW)
or the BLYP functional.'** All typical spectral features?’%!3
of the IR spectrum of GeSe, are reproduced when using
Eq. (7), i.e., a dominant line at 250 cm~!, weak lines at 86
and 200 cm™~!, and a shoulder at about 300 cm™! (arrows
in Fig. 20). However, it should be noted that the calculated
spectrum according to Eq. (7) has a much broader distribution
when compared to experiment,”'? a situation which may arise
from the small system size used. Furthermore, the lines are
reproduced at a somewhat lower frequency (Aw = 10 cm™).
Other authors have suggested that excessive residual strain
may also lead to a broadening of the spectra.’! Nevertheless,
the situation is much improved as previous simulations'#+21¢
led only to a broad band between 0 and 350 m~! while
moderately acknowledging'* the main peak at ~ 250 cm™!
(Fig. 20). We are not aware of any systematic study of
variation of the IR spectra with Ge content in Ge,Se;_,
glasses. However, based on our simulations, some general
trends with Ge composition can be established from Fig. 21.
The intensity and the frequency of the main peak change in
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FIG. 21. (Color online) Computed imaginary &, and real &, parts
of the dielectric function for the three investigated compositions of the
Ge, Se;_, glasses, compared to experimental measurements [circles
(Ref. 213)].

a nonmonotonic fashion, the GeSes compound displaying a
lower line frequency (244 cm™') as compared to the other
compositions (251 cm™!), whereas its intensity decreases to
&, = 26. The secondary peak displays similar features. These
results on selected compositions indicate that a study of IR
absorbance across the stiffness transition would be highly
desirable.

From the imaginary part &, of the dielectric function,
the real part &; can be computed using the Kramers-Kronig
equation (Fig. 21, bottom) and its changes followed with
composition. This allows computation of the low-frequency
(dc) limit &y of the real part of the dielectric function &
which displays a reasonable agreement with experimental data
(Table VIII), certainly improved when compared to the previ-
ous simulations using the electric field method?'® (g9 = 15.0).

The identification of the different modes of &, and their
connection with Raman lines>” or vibrational densities of
states?”19%127 have been quite extensively discussed in the
literature. When compared to the simulated total and partial
VDOSs (Figs. 18 and 19), one can associate the main peak of
the IR spectrum (Fig. 21) with the Se stretching-mode vibration
at 30 meV (1 meV = 8.0655 cm™!). The overall decrease in

TABLE VIII. Calculated value of the dc dielectric permittivity &,
and comparison with experimental data (Ref. 146).

GeSey GeSey GeSe; GeSe, Ref.
& 9.62 6.07 7.61 6.46
6.52 7.21 7.17 7.22 146
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intensity of this peak closely follows the one found for &, with a
minimum intensity at the stoichiometric GeSe,. Correlations
between the secondary peak of &, at 86 cm~! and a typical
vibration frequency in the VDOS are less obvious, as it is
for the other typical lines of the dielectric functions (200 and
300 cm™ ).

To gain additional insight and connect local vibrations with
the typical frequencies obtained in the absorption spectrum
(Fig. 21), we have used our electronic DFT scheme'?® to
determine from an exact diagonalization of the Hessian
matrix the vibrational eigenmodes and eigenvectors of an
isolated GeSey,, tetrahedron. There is some controversy
around the mode assignment of the typical lines.%6:100:168.209
From our frequency analysis and a visual inspection of the
atomic motion, we find that the lines at 71 and 89 cm™!
are indeed'®®2" associated with the identified £ mode of
frequency v, consisting of bending motion inside the tetra-
hedra. But in contrast with Ref. 209, we find that the A;
stretching mode is weakly coupled to bending motions for
two other frequencies at 151 cm™! (low amplitude) and 241
cm~! (large amplitude, i.e., the main peak in Fig. 20), and
may both contribute to the experimental assignment!%*-2%°
of 200 cm™!. Finally, modes found at the upper tail of
the main line (260 and 272 cm™!) consist in the reported
stretch-antistretch F, mode. These modes are clearly absent
for the nonstoichiometric compositions (Fig. 21), given the
absence of this high-frequency tail for GeSeg, GeSes, and
GeSes.

VIII. SUMMARY AND CONCLUSION

Glasses belonging to the Ge,Se;_, family not only display
a variety of structural features but also represent the archetypal
system that serves for the detection of flexible to rigid
transitions.2!?2 The understanding of their structural, vibra-
tional, thermal, and electronic properties is an important issue
given that many optoelectronic applications using additives in
ternary or multicomponent systems involve Ge and Se atoms
as major alloying elements. Regarding structure, chains of Se
atoms progressively cross-link with the addition of GeSes,
tetrahedra, leading to a fully three-dimensional network
that can be characterized using various experimental and
theoretical tools. However, this simple picture not only fails
to describe most of the nonmonotonic compositional trends
of physicochemical properties, it also cannot account for an
atomic-scale picture of the intermediate phase. In the present
contribution we have used recently optimized!'3®!41-144.220
first-principles molecular dynamics simulations to investigate
in detail the effect of Ge composition on various properties by
focusing on four target compositions GeSey, GeSe4, GeSes,
and GeSe;,. An additional recently investigated composition®!
has also been used (Ge,Ses) in the analysis and the discussion.
All these compositions span the previously determined elastic
phases®® characterized by rigidity theory: a flexible Se-rich
phase which contains local deformation modes, a Ge-rich
phase which is stressed rigid and locked by an important
bond density, and a compositional interval (the intermediate
phase) in which glasses seem to adapt in order to lower the
compositionally induced stress. Attempts to understand these
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features from molecular simulations have been reported only
recently.??!

Regarding structural properties, our first-principles model
appears to reproduce with great accuracy the available neutron
diffraction results in both real and reciprocal space. The FSDP
in the measured total structure factor at ~1 A~ is obtained
and can also be investigated with varying composition in
relevant partials focusing either on the topological [Sxn (k)] or
on the chemical long-range [ Scc (k)] correlations. In real space,
while the main structural GeSe4/, motif is found to connect
with Se chains, we have determined all possible structural
information that can be gathered from FPMD: coordination
numbers, neighbor distributions, bond angle distributions.
These show that the octet (8 — N) rule nearly holds for Se-rich
glasses but then the results start to deviate as more and more
miscoordinated species (Ge', GeV, Se") appear. Still, the
majority of Se and Ge atoms are found to be twofold and
fourfold coordinated, respectively. Similarly, the way these
species connect together via the three available bonding types
(Se-Se, Ge-Se, and Ge-Ge) has been characterized and its
variation followed with composition. Among these, we find
that the fraction of homopolar Ge-Ge bonds starts to increase
at the upper boundary of the intermediate phase (GeSes3), in line
with similar findings on a parent system [As-Se (Ref. 154)].
The medium-range order has also been determined through a
ring analysis which shows a nonmonotonic increase for small
rings (fourfold-ring edge-sharing structures and also sixfold
rings) across the stiffness transitions and the IP, while also
exhibiting interesting ring correlations that can be entirely
characterized using a quantitative ring analysis code.'® The
impact of Ge-Ge homopolar bonds is clearly visible in the ring
statistics, which show that these connections occur in both
even- and odd-membered rings and are particularly numerous
in large-ring structures.

Having such precise atomic-scale trajectories in hand, one
is also in a position to check the validity of simple models
that have been proposed for amorphous Ge-Se networks. We
have shown that the simple outrigger raft model proposed
by Phillips and co-workers!®® (a model based on four-,
five-, and sixfold rings with some homopolar Se-Se bonds)
does not allow description of the structure of amorphous
GeSe,. Instead, we find this ring structure to contain both
homopolar Ge-Ge and Se-Se bonds but also rings of larger
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sizes. Furthermore, the internal structure of each of these
rings is determined from the fraction of homopolar versus
heteropolar bonds, and appears to depend substantially on
Ge composition. We also investigate the validity of simple
pair models (random covalent network, chemically ordered
network, clustered, chain-crossing, etc.) and show that none
of them can reproduce the computed bond statistics that is
extracted from the simulation and which takes into account
the possibility of coordination defects. We have analyzed
the trajectories from recently developed MD-based constraint
counting algorithms'®’” and have found that stressed rigid
compositions (GeSe; and Ge,Ses) will have a rather important
fraction (17% —21%) of their bond-bending (angular) interac-
tions broken in order to accommodate the stress induced by
the growing presence of the cross-linking Ge atoms. These
findings actually cannot be recovered from simple constraint
counting and represent therefore an interesting insight into the
realistic atomic-scale behavior of rigidity.

What are the broader perspectives of the present work?
Obviously, given the chosen system size (120 atoms) one can
select only a few target compositions in the Ge-Se binary
system. One is therefore not in a position to track the onset
of rigidity and stress in these glasses, and particularly across
the TP compositions. It would be interesting to investigate
larger system sizes with such methods.">® It would allow
extending the present study by performing an analysis of
structural, electronic, and vibrational properties within smaller
compositional intervals. It would also permit better insight into
the dynamics of glass-forming Ge-Se mixtures, and eventually
the detection of anomalies associated with the intermediate
phase, as in the parent As-Se system.'>*
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