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Structural properties of chalcogenide glasses and the isocoordination rule:
Disentangling effects from chemistry and network topology
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The structural properties of two Ge-As-Se glass compositions (GejgAsjgSesy and Gey; Asy Sesg) are inves-
tigated from a combination of density-functional-based molecular dynamics simulations and neutron/x-ray
scattering experiments. We first focus on structural characteristics, including structure factors, pair distribution
functions, angular distributions, coordination numbers, and neighbor distributions, and compare our results
with the experimental data. Results leave anticipated coordinations from the octet rule (Se™, As™, and Ge'")
unchanged, and these are contrasted with respect to glasses having the same average coordination number 7
such as binary As;oSe;o and Ges;Seg;. The increase of (As,Ge) content induces a growth of ring structures that
are dominated by edge-sharing motifs (four-membered rings) having mostly heteropolar bonds, while As-As
and As-Ge homopolar bonds are clearly more favored than Ge-Ge. These features signal that both topological
(rings) and chemical (bonds) features are different with respect to related binaries. The validity of the so-called
vibrational isocoordination rule stating that properties of multicomponent chalcogenides depend solely on 7
is checked, and results from a vibrational analysis indicates that this rule is merely satisfied for the Se-rich
composition. An inspection of correlations via the Bhatia-Thornton formalism shows that topological ordering
is not only different between Ge pAsipSesy and Ge, Asy;Sesg but also radically contrasts with respect to the

isocoordinated binary glasses and displays an obvious reduced directional bonding.
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I. INTRODUCTION

Chalcogenide glasses form a large variety of covalent sys-
tems that can be obtained from melt quenching. They offer
wide possibilities of optoelectronic applications such as x-ray
imaging, night-vision devices, infrared waveguides, or data
storage. On a more basic side, these glasses form interesting
model systems to test network effects such as topology or
rigidity on physicochemical properties [1].

In Ge-As-Se glasses, a reasonable assumption using the
so-called 8-A\ rule (where A is the number of outer shell
electrons) permits to consider the structure as being made of
twofold Se atoms (ng. = 2), while As and Ge are respectively
almost always 3- and 4-coordinated. On increasing Ge and
As content xg. and xas, the network average coordination
number 7 = 2 4+ xas + 2xge increases and represents an at-
tractive system variable that can be used to merge on a single
representation various joins belonging to compositional space.
For such systems, the presence of a possible “isocoordination”
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rule has been detected [2,3], i.e., it has been observed that
properties will stay constant for all compositions having the
same 7. Examples showing this feature encompass the glass
transition temperature [4], viscosity and related parameters
[5,6], hardness, and vibrational density of states (VDOS)
[7]. For the latter, its was shown that systems as different
as As,Ses and Ge;sAs3pSess show a similar VDOS in the
transverse acoustic region [2].

Early numerical studies have attempted to check this rule
for vibrational properties and simulations on bond depleted
amorphous silicon have shown that this rule is not exact but
holds qualitatively well over a wide range of compositions and
local chemical correlations [8]. Conversely, the rule does not
seem to be fulfilled for density [9], and for other measure-
ments it has been recognized that chemical effects near the
binary edges (Ge-Se and As-Se) might dominate [6]. For the
present Ge-As-Se glasses, this poses the crucial question of
the effect, combined or not, of network topology via 7 and
chemistry via composition and preferential chemical bonding.

©2022 American Physical Society
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It relates to topological versus chemical ordering which have
been carefully considered for certain chalcogenides [10-13]
and have led to the recognition of typical associated length
scales.

Ge-As-Se glasses have received quite some attention due,
in part, to the fact that they display flexible to rigid tran-
sitions [14]. The mean-field description of such transitions
(i.e., Phillips-Thorpe rigidity theory [15,16]) is inspired by
Maxwell elasticity theory of macroscopic structures [17].
At the molecular level, stretching and bending interactions
constrain the atomic network and can be associated with me-
chanical constraints n, which are compared to the available
degrees of freedom [3 in three-dimensional (3D)]. This anal-
ysis shows that glasses with a low connectedness containing a
large fraction of twofold chalcogens (Se) are flexible, whereas
a network consisting of a large amount of (Ge,As) atoms is
intrinsically rigid. The locus of the transition is identified with
the so-called Maxwell isostatic stability criterion (i.e., n, =
3), corresponding to a network with 7 = 7. = 2.40. Several
experimental studies have shown that anomalies do appear
close to 7. in relaxation properties [6,18]. For the particular
join Ge, As,Sejpo—2y, With the assumed coordination number
following the 8-N rule, it is easy to check that the condition
n. = 3 or 7 = 2.4 is satisfied for x = x, = 13.3%.

The structure of Ge-As-Se glasses has been investigated by
different authors [19-23], sometimes in relationship with op-
tical [18,24-26] or relaxation properties [18,26-31]. Among
specific features, a dimensional change fromaD =2to D =
3 network is suggested [32] at 7 = 2.45, whereas nanoscale
phase separation [33] is expected to occur at large connect-
edness (¥ = 2.60). This is, however, contradicted from 7,
measurements [34]. A compositional window [27] linked with
flexible to rigid transitions is found for 9.5% < x < 17.0%
in Ge,As,Sejgo—2, that displays a near reversible character of
the glass transition with minimal changes in enthalpy together
with weak space-filling tendencies (minimum of molar vol-
ume). These features are thought to be the manifestation of a
topological (intermediate) phase that has been predicted from
T = 0 rigidity models [35,36] and observed for a variety of
chalcogenide and modified oxide glasses [37].

Regarding simulation work, we are only aware of a recent
ab initio study on select compositions of Ge-As-Se glasses
[38] that were obtained from prepared reverse Monte Carlo
(RMC) atomic configurations. Results indicated that the as-
sumption of the 8-N rule for Ge-As and Se atoms was
incorrect and Se poor systems were found to contain signif-
icant homopolar and non Se bonding, together with short Se
chains.

Here we present a combined study using density-
functional-theory- (DFT) based molecular dynamics sim-
ulations and neutron and x-ray scattering experiments.
The choice to target the compositions GejgAsjpSesy and
Ge;1Asy Sesg is related with the purpose of contrasting ef-
fects arising from topology from those driven by chemistry.
GegAspSego has a network mean coordination number of
7 = 2.3 and belongs to the flexible phase [14] where dominant
topological effects are expected, i.e., chain cross-linking of
Se chains is supposed to drive the overall network properties
and a structure that is characterized by a lack of prefer-
ential bonding and behaves as a random covalent network

[21]. Conversely, Ge,jAsySesg is a composition typical of
a stressed-rigid phase having a large connectivity and where
chemical disorder (homopolar bondings, nanoscale phase sep-
arations [18]) is supposed to dominate.

While a good agreement is obtained between theory and
experiment from neutron and x-ray scattering, results from
simulations indicate that the structure is dominated by Ge-Se,
As-Se, and Se-Se bonds for Se-rich compositions, whereas
As-As and As-Ge defect bondings occur at larger network
connectivity but leave average quantities (i.e., 7) globally
compatible with expectations from the 8-A/ rule. The increase
of As and Ge content leads to a growth of ring structures that
are dominated by edge-sharing motifs (4-membered rings)
that contain only heteropolar bonds with the presence of either
two Ge atoms or one Ge and one As atom. In order to probe
the vibrational isocoordination rule and the claim of a dom-
inant topological character of such ternary networks, results
on GejpAsjgSesy and Ge, | Asy; Sesg are contrasted with previ-
ous calculations on AsjzpSe7g [39] (expected 7 = 2.30) and
GessSeqy [40,41] (7 = 2.67). Although the isocoordination
rule might hold for 7 = 2.30 only, the comparison of ring
statistics clearly indicates that binary and ternary networks do
not exhibit the same topology at all. Finally, an inspection of
Bhatia-Thornton structure factors for all systems permits to
analyze topological and chemical ordering in these ternaries
which shows that the total structure factor is dominated by
number-number correlations Syy (k) characterizing topologi-
cal ordering, albeit these reveal a reduced contribution for the
principal peak (usually associated with directional bonding)
with respect to the reference binaries.

II. METHODS
A. First-principles molecular dynamics

First-principles molecular dynamics simulations (FPMD)
[42] using a canonical (NVT) ensemble were performed on
GepAsjpSegy and GeyjAsy Sesg systems containing N =
249 atoms with the number of As, Ge, and Se atoms ful-
filling the desired stoichiometry (e.g., Nge = Nas = 25 for
GegAsjpSesg). A periodically repeated cubic cell was used,
whose size changes according to the number density pg of the
glasses [18] (Fig. 1). We used DFT in combination with plane
wave basis sets. The electronic scheme used a BLYP func-
tional [43,44] within a generalized gradient approximation for
the exchange correlation energy. Previous investigations on
the related binaries Ge-Se [3,45-47] and As-Se [39,48] have
shown that this electronic scheme improves substantially the
description of both short and intermediate range in the liquid
and amorphous state with respect to experiment (scattering).
The electronic structure of the As-Ge-Se liquids and glasses
was described within DFT and evolved self-consistently dur-
ing the motion with valence electrons being treated explicitly,
in conjunction with norm-conserving pseudopotentials to ac-
count for core-valence interactions. The wave functions were
expanded at the I" point of the supercell and the energy cutoff
was set at 20 Ry. Starting configurations were taken from bi-
nary Ge-Se liquids [40] and As atoms were randomly inserted
in order to meet the desired stoichiometry.
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FIG. 1. An example of an obtained amorphous Ge;;Asy;Sess
system. Blue, white, and red atoms represent selenium, germanium,
and arsenic atoms, respectively.

Loss of the memory of the initial configurations has been
achieved through preliminary runs at 2000 K over 50 ps with
a time step of At = 0.12 fs and a fictitious mass of 1000 a.u.,
prior to equilibration at 1500 K, 1200 K, 900 K, and 600 K,
each at 20-25 ps, and finally 300 K for 50 ps. Certain proper-
ties of the liquid state have been reported elsewhere [18].

B. Sample preparation

GepAs2Sers and GeygAsyySegp bulk glasses were syn-
thesized using the melt-quenched technique. Note that these
are slightly different in composition with respect to FPMD
(GepAsjpSegy and GeyAsy Sesg). A total of 10 g of SN
purity elements were placed in a quartz ampoule, evacuated
to 1073 Pa and then sealed. The ampoule was then placed
in a rocking furnace heated to 970°C at a rate of 1°C/min,
and after reaching the target temperature, the rocking was
maintained for 24 h. In the next step, the temperature was
reduced to 700°C with a cooling rate of 2°C/min, then
the rocking was stopped for 1 h and, finally, the ampoules
were quenched in cold water. The bulk glasses in the am-
poules were subsequently annealed for 3 hours at about 20°C
below the glass transition temperature to release internal
stress.

C. Neutron and x-ray scattering experiments

Neutron diffraction (ND) measurements were carried out
at the NOVA diffractometer of the 500-kW spallation neutron
source of J-PARC, Japan. Powder samples were filled into
V-Ni null scattering alloy containers with an outer diameter
of 6.0 mm and a thickness of 0.1 mm was used. Each sample
was measured for 6 hours. Raw data were corrected for empty
instrument background, scattering from the sample holder,
multiple scattering, and absorption.

High-energy x-ray diffraction (XRD) data were collected
on the Joint Engineering, Environmental and Processing (I12-
JEEP) beamline [49] at Diamond Light Source Ltd., the
United Kingdom. The sample material was first ground and
then loaded into a thin-walled borosilicate capillary of 1.5 mm
in diameter. The capillary was illuminated by an x-ray beam
of the energy of 100.046 keV and the size of 0.5 x 0.5 mm?
for 300 s. The diffracted x-rays were detected by a flat type de-
tector Pilatus 2M CdTe positioned at the distance of 236.6 mm
from a sample in transmission geometry. The energy and
geometry calibration [50] together with the azimuthal inte-
gration of 2D diffraction data into the reciprocal space were
performed using the DAWN software [51]. Raw intensity 1D
curves were then corrected for the background scattering (an
empty capillary and air contributions), sample absorption,
fluorescence, and Compton scattering using standard proce-
dures [52] to get only elastically scattered intensities from a
sample. Finally, the intensity curves were normalized apply-
ing the Faber-Ziman (FZ) formalism [53] to extract structure
factors.

III. RESULTS

In Fig. 2 are represented the measured and calculated neu-
tron and x-ray total structure factors S(k). Note again that the
theoretical and experimental compositions are close but not
identical.

In the simulation, the total weighted structure factors are
derived using the partial correlations S, (k)

Sk) = (f)72 chcmfnfmsnm(k) (1)

with
(f) = chfn = XGe fGe + Xasfas + (1 — Xge — XAs) fses

@

where the f, represent either the atomic form factors (fge =
32, fas = 33, and fs. = 34) or the neutron-scattering lengths
(fge = 0.8185 fm, fus = 0.658 fm, and fs. = 0.797 fm) and ¢,
represent the species concentration, respectively. The partial
correlations and total in Fourier space have been evaluated
either directly from the atomic positions (gray curves, Fig. 2),

Sun(k) = ]lv< »> e—i"~<“"—“m>> 3)

or from a Fourier transform (black curves, Fig. 2) of the partial
pair correlation functions g,,,(r):

sin(kr)

o0
Sun(k) =1+ po / 4r? [gnmm - 1] dr, (4
0
where py is the system density. The calculated S(k) permits
to recover peak positions and appear to be compatible with
the measured total structure factor, albeit the intensity of the
first-principal peak at k; = 2.09 A~! (and secondary peak at
ki = 3.61 A~ to a lesser extent) are slightly underestimated
in FPMD simulations. In addition, the minima between the
different main peaks at ~1.5 A~! and ~3.0 A~ also appear to
be insufficiently reproduced. The behavior up to k ~ 20 A~
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is fairly reproduced and this becomes obvious once the inter-
ference function /(k) = k[S(k) — 1] is represented (Fig. 3) as
I(k) blows up the oscillations at large scattering vector, the os-
cillation period being correctly estimated from the calculation.
The reasonable agreement at large £ is, thus, an indication that
the short-range order of the Ge-As-Se networks is correctly
reproduced. Furthermore, a recent Gaussian decomposition
in Fourier space of S(k) has shown that features beyond
the principal peaks (PP) region (k > 7 A~") are linked with
second-neighbor correlations [54]. In this respect, the small
contribution at ~7 A~! (barely visible on Fig. 2 but noticeable
on Fig. 3) is also reproduced from the simulation and provides
some confidence about the obtained structural models. Once
considered as a function of Se content, the structure factor
evolution exhibits an increased amplitude for the first sharp
diffraction peak (FSDP) observed at k3 = kpspp ~ 1.0 A~!
for, e.g., GeypAsyoSeqo [Fig. 2(a)]. This feature is typical
of cross-linked glasses and compatible with results from a
FSDP analysis of binary chalcogenides [55] which concluded
that the amplitude of this peak increases with network mean
coordination 7.

Partial correlations have been calculated from the obtained
trajectories using Eq. (3) and (4). A typical decomposition is

FIG. 2. Measured neutron (a) and x-ray (b) scattering structure
factor (red) of Ge2As12Se76 and GeypAsySeg glasses, compared to
the corresponding Snp (k) and Sxrp(k) calculated from FPMD using
either Eq. (4) (black) or Eq. (3) (gray). Positions of the principal
peaks at ky, k,, and k3 = kgspp are indicated.
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FIG. 3. Measured neutron (a) and x-ray (b) interference function
1(k) (red) of Ge,As2Sess and GeypAsySeqy glasses compared to
the corresponding calculated Ixp (k) and Ixrp (k) using either Eq. (4)
(black) or Eq. (3) (gray).

represented in Fig. 4 and shows that S(k) is essentially made
of contributions arising from Ge-Se, As-Se, and Se-Se Faber-
Ziman correlations in Fourier space which will dominate even
for the largest composition (21%, not shown), as one has, e.g.,
for XRD weights and x = 10% [Eq. (5)] and 21% [Eq. (6)],
respectively:

S(k) = 0.009(0)Sgege + 0.018(9)Sgeas + 0.153(2)Sgese
+0.009(6)Sasas + 0.158(1)Sasse + 0.651(4)Ssese,
)

S(k) = 0.045(5)SGece + 0.083(6)Sgeas + 0.282(1)SGese
+0.0431(2)Sasas + 0.245(4)Sasse + 0.349(2)Ssese -
(©)

Most of the typical features are obviously dominated by the
Ssese (k) function with PPs at k, and k; as well as secondary
peaks at larger scattering vector k being detected for this par-
tial structure factor (5.8 A’l, 8.5 A’l, Fig. 4), including the
small contribution at ~7 A~! that is usually the signature of
second-shell neighbors of rank N > ng.. However, the FSDP
arises essentially from Ge-Se correlations as we find a domi-
nant peak at kgspp in Sgese (k). One should note that all other
partials [Sgege (k), Sgeas(k), and Sasas(k)], once appropriately
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FIG. 4. Decomposition of the total S(k) of GejpAsjoSegy [same
as Fig. 2(b)] into relevant weighted partials c¢,cp f, finSum(k)/( f)%:
Se-Se [red curve using Eq. (4) and orange curve using Eq. (3)], Ge-Se
(blue), and As-Se (green). The contribution of the other partials is
minimum and barely visible [black curves with S(k) < 0.02].

weighted, are found to be of about ~10-15% of the total only
[Egs. (5) and (6)].

Once the partials S,,,(k) of the two systems are being
compared (Fig. 5), one detects that the increase of the FSDP
amplitude of the total S(k) acknowledged both from exper-
iment and simulations (Fig. 2) must be due to the increase
of the corresponding peak in the Ge-Se partial, whereas it is
absent in As-Se, this partial Sasse(k) being furthermore not
influenced by the change in composition, in contrast with the
two other partials (Se-Se and Ge-Se) which exhibit obvious
changes for k < 5 A~'. The superposition of the oscillations
at large scattering vector k between both compounds is the
indication that the average short-range order is not altered.

41 _]
— Ge,,As,Sey,
— Ge,,As,,Segg ]
3 —~
Se-Se
<
E2
2] As-Se

FIG. 5. Decomposition of the total S(k) of GejgAs;oSesy (black)
and Ge; Asy;Sesg (red) into the main partials: Ge-Se, As-Se, and
Se-Se. The curves for As-Se and Se-Se are shifted by 41 and +2 for
clarity of presentation.
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FIG. 6.

Decomposition of the total pair correlation function g(r)
of GejpAsipSesy (a) and Ge, AsyiSess (b) into relevant weighted
partials CnCmfufugum()/{f)? : Ge-Se (blue), As-Se (red), Se-Se
(brown), Ge-As (green), and As-As (orange). Atomic snapshots rep-
resent only As (red) and Ge atoms (blue) and permit to highlight the
presence of As-As, As-Ge, and Ge-Ge bonds.

A. Real space properties
1. Pair correlations and bond distances

In Fig. 6 are represented the total pair correlation func-
tions g(r) of both systems (thick black curves), together with
their weighted partial decomposition. For the chalcogen-rich
compound, the principal peak results from a near equivalent
contribution of Se-Se, Ge-Se, and As-Se correlations with
slightly different bonds lengths (Table I) as it is found 2.35—
2.36 A for Ge-Se and Se-Se bonds (similarly to Ge-Se glasses
[47]) but 2.45 A for As-Se (2.47 A in As3Seso [39]). In this
range of distances, the contribution of other partials to the
total g(r) appears to be very small (As-As, As-Ge, and Ge-
Ge) although the amplitude of corresponding peaks (Table I)
grows with decreasing Se content, i.e., Ge-Ge and As-As are

TABLE 1. Calculated first correlating distances d;; A) compared
to data extracted from RMC simulations [21]. The resolution for
bond distances is 0.05 A.

i-j Ge-Ge Ge-As Ge-Se As-As As-Se Se-Se
GepAsoSegy 2.49 2.35 2.54 2.45 2.36
RMC [21] 2.39 2.45 2.35 2.39 239 235
Gey Ay Sesg 2.55 2.46 2.36 2.51 244 236
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TABLE II. Coordination numbers n,,, of the two systems, com-
pared to reference systems AsspSe;o and GespSeso. The values in
brackets correspond to random covalent networks.

GemASmSego 6621A521$e58 AS3QSE70 [39] G633Se(,7 [47]

NGeGe (0.70) 0.08 0.25
Ngeas  0.16 (0.52) 0.35

Ngese  3.84 (2.78) 3.37 3.55
nasas 0.08 (0.39) 0.65 0.07

Nase  2.68 (2.09) 1.97 2.94

nsese  1.17 (1.39) 0.12 0.74 0.30
nge  4.00 (4.00) 3.78 3.80
nas 292 (3.00) 2.97 3.01

Nse 1.98 (2.00) 2.03 2.00 2.08
7 228(2.30)  2.59 (2.60) 2.30 2.64

virtually absent for GejgAsioSegy [Fig. 6(b)] but clearly vis-
ible for Ge;;Asy Sesg [see also snapshots, Fig. 6(a)]. The
second-shell essentially arises from Se-Se correlations (r =~
3.8 A) which are found on the edges of the GeSey, tetrahedra
and the AsSes,; pyramid. Indeed, it is easy to check that
the typical Se-Se distance involved with Ge atoms satisfies
dSe—Se = \/8/_361(;5_55, i.e., for GCZlASZISesg we find dGe—Se =
2.36 A (Table I) which leads to ds.se = 3.85 A, i.e., iden-
tical to the one directly obtained from an inspection of the
calculated gse.se(r) (3.84 10\). The value remains independent
of composition which is an indication that no tetrahedral
distorsion sets in with increasing cross-linking density [56].
We finally note that the calculated bond distances agree with
earlier calculations from RMC [21] for the GejgAsigSegy
composition, except for the As-As pair which is, however,
only present in small amounts (see below).

2. Coordination numbers

In Table II, we have calculated from the partial pair corre-
lation functions g, (r) the corresponding partial coordination
numbers #,,, using

Npm = 47T 0 / rzgnm(r)dr, @)
0

where r,, has been taken at the first minimum of the corre-
sponding partial pair correlation function (r,, ~ 2.74 A) for
nearly all partials. It is noticeable that Se-related coordination
numbers decrease from GejgAsjpSesy to Geyj AsyiSesg, given
the reduction of Se content and the growing presence of As-
As and Ge-As bonds that also contribute to the decrease of
ngese and nagse. The total coordination numbers remain nearly
constant, however. These have been calculated from:

Ny = Ny + Z Npm (8)

pF#m

and, e.g., XsellseGe = XGeMGese- Results show that the atoms
follow, indeed, the 8-A rule because Ge atoms have a co-
ordination number of about 3.78—4.00, whereas As and Se
atoms have a coordination number that remains close to nag
= 3 and ns. = 2, respectively. The detail of bonding types
on the calculated statistics of species reveals the presence of
defect coordinated Ge atoms in Gep;AsySesg (17.4% Ge™

(a) Se-Se-Se

I I 1 I 1 1 1 I 1
60 80 100 120 140 160 180

60 80 100 120 140 160 180
I i I i I i I i I i I i

(d) Ge-Se-Ge
| | L | L I R

60 80 100 120 140 160 180
I T I T I T I T I T I T

(e) As-Se-As
| 1 A | . _ ,

60 80 100 120 140 160 180

Angle (deg)

FIG. 7. Calculated bond angle distributions of GejpAsjoSeso
(black) and Ge,; AsySesg (red). Panels (b) and (c) also represent
the Ge-Ge-Se and As-As-Se bond angle distributions, respectively
(broken curves with same color code as the solid curves).

and 5.8% Ge'!, Table III) and twofold As atoms (16% in
GepAsjpSegyp and 39.4% in Ge,  Asy Sesg), both display-
ing the presence of bonds with As or Ge atoms. Ge-Ge
bonds appear to be unlikely (ngege = 0.08, Table II) so that
AsGeSes,, species (013, i.e., 16.0% in GejgAsioSeso, 23.1%
in Gep Asy;Sesg) or As,GeSe (022) are being preferred.
These features indicate a chemical ordering (i.e., preferen-
tial bonding) that appears to be different with related binary
glasses.

3. Bond angles

Figure 7 shows the calculated bond angle distributions
(BAD) for both systems. Chain segments Se-Se-Se are cen-
tered at about 100° [Fig. 7(a)] as in elemental selenium [57],
the BAD of Ge;;As;;Sess being not meaningful due to the
near absence of Se-Se-Se segments for this compound. Once
Se becomes a linkage between (As,Ge) atoms, the BAD re-
mains nearly centered at the same bond angle (100°-110°) but
with an evolution that eventually reveals the signature of edge-
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TABLE III. Calculated fraction (%) of Ge and As having n Ge, m As, and p Se neighbors.

nmp 004 013 022 003 012 002 200 101 102
Ge Gel()AS]()SGgO 84.0 16.0
Ge,j Asy; Sesg 50.0 23.1 39 13.5 39 5.8
As GeloAsmSego 72.0 16.0 8.0
Gey  Asy Sesg 29.8 29.8 39 9.6 11.5

sharing (ES) structures [at 80° in Ge-Se-Ge, Fig. 7(d)] with a
bimodal distribution that is also found in binary Ge-Se glasses
[47]. It has to be remarked that Ge- and As-centered BADs
(Se-As-Se and Se-Ge-Se) remain nearly unchanged with com-
position [Figs. 7(b) and 7(d)], although one acknowledges
for the former a shoulder peak structure for Ge,;As;;Sesg
(red curves) which is also indicative of an increased presence
of ES structures that can be verified (i) from the Ge-Se-Ge
BAD [Fig. 7(d)] and (ii) from a ring analysis which shows a
growing presence of fourfold rings (see below). The Se-Ge-
Se and Se-As-Se distributions are peaked at 109° and 98°,
respectively, and reveal the tetrahedral geometry for Se-Ge-Se
angles centered at 67 = arccos(—1/3) = 109° and the pyra-
midal geometry for Se-As-Se angles, as also obtained from
related binary systems [39,47]. Concerning the latter, one
acknowledges for Ge,; Asy;Sesg a small contribution close to
180° which is an indication that the As-centered geometries
might be also found in defect octahedral sites as in other
pnictide (Group V) chalcogenides [58].

It is also instructive to investigate BADs having a ho-
mopolar Ge-Ge or As-Se bond [broken curves in Figs. 7(b)
and 7(c)]. The fraction of Ge-Ge bonds being very low (Ta-
ble I), any definite conclusion of the behavior of Ge-Ge-Se
can hardly be drawn, including for the Se-poor composition.
Conversely, As-As-Se BADs do display some interesting evo-
lution. The presence of As-As bonds leads, indeed, to a change
in the local geometry and, obviously, their presence converts
the dominant pyramidal AsSes,, unit centered at 98° into a
possible quasitetrahedral one at large (As,Ge) content as (i)
the main peak is found to be shifted to the tetrahedral value
Or and (ii) the contribution close to 180° vanishes [Fig. 7(c)].
Such features have been detected in simulated As,Ses for
which the presence of tetrahedral As was related to the pres-
ence of As-As bonds [59].

IV. DISCUSSION

In early studies on the isocoordination rule [2,3,7,8], fo-
cus was essentially made on the vibrational density of states
and its behavior with the average coordination number 7 for
different chalcogenide systems.

A. Vibrational density of states

In order to probe this rule from our obtained models, we
have calculated the VDOS g(w) using the Fourier transform
of the velocity-velocity autocorrelation function:

1

N 00
8@ = oz ;/_oo(v_j(t).vj(O))dt. )

In Fig. 8, we represent the VDOS for Ge;As;;Sess
[Fig. 8(a)] and GejpAsjoSeso [Fig. 8(b)] using Eq. (9). For the
Se-poor composition (¥ = 2.60), we can eventually compare
to the reported experimental spectrum of a close composition
(Gey3As14Seg3 [7]). It is seen that the main features of the
VDOS are reproduced and consist in (i) a broad band be-
tween 0 and 20 meV usually associated with bond-bending
motions [7,60] and corresponding to the transverse acous-
tic (TA) region, (ii) a second band at 20-25 meV that is
slightly underestimated with respect to experiments (peak at
25 meV), and (iii) a high-frequency band associated with
stretching vibrations between 20 and 40 meV reminiscent of
transverse optic (TO) modes in the crystal. The comparison
between both compositions [Figs. 8(a) and 8(b)] indicates a
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FIG. 8. Calculated VDOS: (a) Ge; Asy;Sesg and (b)
GejpAsjpSegp. The total VDOS (black curves) is represented
together with weighted contributions from Ge (red), As (green), and
Se (blue). Experimental data [7] (circles) correspond to a system
with 7 = 2.60 (Gey3As14Ses3) (c) Comparison of the total calculated
VDOS for systems having the same 7 = 2.3: GegAsjpSegy [black,
same as (b)] and As3ySe; (red [39]). (d) Comparison of the
total calculated VDOS for systems having nearly the same 7:
Ge, 1 Asy;Segy (black, 7 = 2.63, same as in (a) and Ges3Seq; (red
[47], 7 = 2.67). The squares indicate typical modes detected from
the experimental Ge- and Se-related partial VDOS of GessSeg; [61].
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sharpening of the latter with Se content and a more elusive
presence of the second band at 20-25 meV for GegAsoSegp.
Contributions at high frequency emerge for Ge;;AsyjSesg
(E > 30meV) which is the signature of a global stiffening
of the network structure. The Ge;gAsioSegq, furthermore, dis-
plays an increased amplitude in the region around 5 meV,
this particular frequency being assigned to a floppy mode
peak clearly visible in a-Se [7]. This is an indication that
increased low-frequency modes are present in GejgAsjoSeso,
consistently with the fact that this compound belongs to the
flexible phase [7,14,16,18].

1. Contribution from species

Once the contributions of Ge, As, and Se are analyzed,
one realizes that both Ge and As lead to vibrations at high
frequency (green and red curves), whereas they are absent
in the floppy mode region which is essentially dominated by
vibrations from Se atoms. These results connect to coherent
inelastic neutron scattering with isotope substitution which
permits to measure site-specific information on the vibrational
dynamics. For Ges3Segy, it has been found [61] that Ge atoms
lead to peaks at 11.7, 24.7, and 38.0 meV and to a shoulder
peak at 35 meV [symbols, Fig. 8(d)], whereas Se-related
peaks are measured at 9.9 and 26.8 meV together with a broad
feature at 33.8, 35.5, and 38.4 meV.

Additional insight is provided from the analysis of local vi-
brations and typical frequencies of isolated local geometries.
Here the electronic DFT scheme is used to determine from
an exact diagonalization of the Hessian matrix the vibrational
eigenmodes and eigenvectors of GeSey,, tetrahedra [47] and
AsSes/, pyramids [39,62]. The frequency analysis and a vi-
sual inspection of the atomic motion offer an assignment to
typical bands of the VDOS. Intratetrahedral GeSe4/, bend-
ing modes lead [47] to some typical frequencies in the TA
part of the VDOS (8 and 11 meV [63]), whereas stretching
modes (the so-called tetrahedral A; mode [63,64]) contribute
to experimental assignments determined at 12.4, 24.8, and
25.9 meV. The modes found in the upper tail of the TO band
(32.2 and 33.7 meV) consist in the reported stretch-antistretch
F>, mode [63]. The pyramid AsSes,; has been analyzed in the
same fashion [62] and corresponding eigenmodes contribute
to bands found in the 8- to 15-meV region and are associ-
ated with bending/stretching and/or deformation modes of
the local geometry [65], the modes at the largest frequencies
(31 meV) giving rise to umbrella flip modes. It should be also
mentioned that larger frequencies are obtained in the range
22.3 meV < E < 32.2meV when isolated quasitetrahedral
Se = AsSes; are considered [62,66,67]. As nas 2 3 (Table I),
these geometries do not seem to exist in the present ternaries
(see, however, Ref. [18]), and recent simulations have shown
that they might be rather unstable, at least in DFT-based
simulations [62].

2. Vibrational isocordination rule

In order to check for the validity of the vibrational iso-
coordination rule [2,3], we compare two different chemical
systems of nearly the same average coordination number
7. Figure 8(c) shows the vibrational density of states for
GejpAsioSeso (black) compared to AszpSeso (red [39]), both

2 3 4 5 6 7 8 9 10

r T T T a) ]
15 Ge10AS1 OSGSO ( )
10 E

5t I 1
o . . . s . .

T T b
151 C5e21A321Se58 (b) ]

R(n)

151 As, Se., (c) ]

Ring size n

FIG. 9. Calculated ring population (number of rings found di-
vided by the system size N) in GepAsoSesy (a), Geyj AsySesg (b),
As3pSer [39] (c), and GessSeq; [47] (d). The calculation focuses ei-
ther on all rings (orange) or on even rings containing only heteropolar
bonds (ABAB rings, black)).

having the property 7 = 2.30. Similarly, we represent in
Fig. S(d) the VDOS of G621A82| 5658 (7‘ = 263) and GC33SC(,7
[47] (7 = 2.67).

First, we note that the rule is qualitatively valid for
GeoAsipSeg as all bands are similar to the one of As;pSe7o:
TA (E < 20meV) and TO bands (25 meV < E < 40meV).
The rule is not fullfilled for the Se-poor compositions and
there is an obvious blueshift of both TA and TO bands for the
reference compound Ges3Seg; [47]. It is, therefore, tempting
to conclude on the nonvalidity of the vibrational isocoordina-
tion rule for the large cross-linked (i.e., Se-poor) networks.

B. Ring structure

The topological intermediate-range order can be deter-
mined using a ring statistics algorithm that builds on a
rigorous investigation of networks generated using a simula-
tion code [68]. A cutoff distance of 2.74 A has been used for
all atomic pairs, corresponding to the minimum r, of the pair
distribution functions (Fig. 6). The algorithm is mostly based
on the King [69]-Franzblau [70] shortest-path search to find
rings containing a maximum of 10 atoms.

1. General features

Figure 9 displays the ring statistics R(n) for the two com-
positions of interest and for the two related binary glasses
[39,47]. As for other chalcogenides where homopolar bonds
are present, all sizes n of rings can be found, i.e., both odd- and
even-sized rings, in contrast with, e.g., a GeO, structure which
has only heteropolar bonds and leads solely to even-sized ring
distributions [71]. For the Se-rich composition [Fig. 9(a)], the
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network is dominated by four- and fivefold rings composed
of a majority of Se-Se bonds. Interestingly, when the nature
of such motifs is further analyzed, n = 4 rings appear to con-
tain essentially heteropolar bonds and correspond to so-called
ABAB motifs [72,73] (As-Se or Ge-Se, black bars, Fig. 9).
These are clearly not promoted in larger rings such as n = 6
or n = 8 ones. It should be also noted that the large presence of
the fourfold rings is responsible for the typical bimodal BAD
Se-Ge-Se and Ge-Se-Ge that has been previously determined
(Fig. 7). The increase of (Ge,As) content leads to an overall
increased cross-linking tendency (i.e., connectivity 7) which
manifests by a global growth of all types of rings, the distribu-
tion remaining dominated by smaller rings having n < 7, i.e.,
rings containing either four (ES motifs) or five or six atoms.

2. Network topology contrasted

Does the network structure of the present ternary glasses
resembles to the one characterized for binary systems with
the same average coordination number 7 ? Figures 9(c) and
9(d) now display the same statistical analysis concerning the
ring population for the isocoordinated As3ySe7o and Ges3See;.
Obviously, correspondences between, e.g., GejgAsjpSesy and
As3pSe7p remain only at a qualitative level, i.e., an obvious
dominant ring size is obtained (n = 5 for GejgAs;oSegy and
n = 4 for Ge, | As;;Sesg, similarly to the binaries), and some
minimum population is acknowledged at n = 7. For 7 =
2.30 only a limited number of rings are found due to the
residual chainlike nature of the network Se backbone which
prevents from an important formation of small (n = 4-7)
and, moreover, intermediate-sized (n > 8) rings. The compar-
ison indicates, however, that the fraction of ring structures
is largely different between both sets, and in ternary glasses
the ring population is promoted with respect to Ges3Seg; as
R™ ~ 18 for Ge,; Asy; Sesg. This definitely rules out the idea
of having networks with different chemical composition but a
same network topology [2,7].

3. Link with typical correlating distances

The presence of a rather large fraction of ES rings in
Ge, Asy Sesg (Fig. 9) signals the presence of a typical cor-
relation distance as in binary Ge-Se glasses [13,47]. In this
system, three distances emerge usually at 2.43, 3.03, and
3.61 A and are associated with homopolar Ge-Ge, ES, and
corner-sharing tetrahedra [47], respectively [Fig. 10(b)]. Such
features are actually also detected in the present ternary and,
especially for the Se-poor composition, exemplified in the par-
tial ggege (7). Figure 10(a) shows this pair correlation function
(black curve) which clearly has a three-peak structure in the
region 2 A < r < 4A, the assignment of the corresponding
peaks found at 2.57, 3.04, and 3.71 A being somewhat larger
than those obtained in the corresponding binary Ge-Se, at least
for the homopolar distance Ge-Ge and the CS distance. Here
the larger system density for Ge,; Asy;Sesg [18] (0.0343 A3
as compared to 0.0334 A3 for Ges3Seq7 [13]) cannot account
for the increased bonding distances obtained in the ternary.
Similarly, the partial ggeas(7) also exhibits this three-peak fea-
ture and a shoulder peak corresponding to some ES structures
is acknowledged [red arrow in Fig. 10(a)]. A visual inspection
of atomic snapshots indicates, indeed, that 4-rings can involve
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FIG. 10. Pair correlation functions Ge-Ge (black), Ge-As (red),
and As-As (green) in Ge,;As;;Sesg (a), and corresponding Ge-Ge
pdf (b) in Ges3Seq; (calculated, black [47], and measured from neu-
tron scattering, red [13]). The molecular structures involve typical
correlating Ge-Ge and Ge-As distances marked by arrows (As in red,
Ge in blue).

both Ge and As atoms and these lead to a typical correlating
distance found at 3.31 A, and which is clearly distinct from
the As-Ge bond at 2.46 A [first prominent peak in Fig. 10(a)
and Table I], both being displayed in a molecular fragment
taken from an atomic configuration [Fig. 10(a)]. Conversely,
no 4-rings involve two As atoms and this is reflected in the
absence of the ES peak in the partial gasas(7) (green curve).
This indicates that in ternary glasses, 4-rings are preferentially
formed with 100% Ge or 50% Ge and As atoms in a dominant
heteropolar configuration (Fig. 9).

C. Topological and chemical ordering

Finally, we examine structure functions which concen-
trate on long-range topological or chemical ordering of
the networks. We use for this purpose the Bhatia-Thornton
(BT) formalism which focuses on the number-number cor-
relations (via a corresponding structure factor SE} (k)) and
concentration-concentration correlations which are given for
binary mixtures such as Ge,Se;_, as :

Sec(k) = xGeXsel 1 + Scece + Ssese — 2Sese]l  (10)
with S;; the calculated FZ structure factors. The former
[S ,]\3,}, (k)] probes correlations that are independent of the chem-
ical nature of the scattering centers and, therefore, provides a
measure on topological ordering at intermediate and extended
length scales [11]. The latter distribution Sg(. (k) characterizes
how chemical species are distributed over the scattering cen-
ters and, thus, gives information on chemical ordering. Note
that Scc(k) converges in the large scattering vector limit to
XGeXse. We use here an extension of the formalism to the case
of ternary systems [74,75] and can write:

S =" xix; 85 (k) (1)
ij
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FIG. 11. Calculated BT number-number structure factor SEY, (k)
and different concentration-concentration structure factors in
GejpAsipSego (a) and Ge,; AsyiSess (b). Results are being compared
to GessSeq7 (panel (b), calculated, orange [47], and measured from
neutron scattering, red [13]) and As;pSeso (panel (a), calculated,
orange [39]). The broken line in panel (b) is SBY, (k) for GejpAsioSeso
[same as panel (a)] and serves for comparison.

and for concentration-concentration correlations, we have,
e.g.,

—1 ¢BT 2 2
Xge SCC(GeAs)(k) = XGe + XAs + Xse [xGeSGeGe + xASSASAs
+ 2XGeXAsSGeas — 2Xas(XGe + XAs)SAsse
— 2xGe (XGe + XAs)SGese

+ (xGe + *as)*Ssese |- (12)

Note that SCBE(GeSe)(k) and SCBE( AS$e)(k.) are obtgined by acyclic
operation on (Ge,As,Se), and that in the high-wave-vector
region k all concentration-concentration structure factors con-
verge to the limit x;(x; +xx) (i # j, k) which is a direct
consequence of the definition of SgE(GeSe)(k), Sgg(Asse)(k),
and SE&Geas) (k) [Eq. (12)]. Figure 11 now represents both
SBT (k) and the different concentration-concentration structure
factors for both GegAsjoSegy and Gep; AsySesg. These are
being compared with the same calculation for the isocoor-
dinated AszpSe7o [39] and GessSeq; [13,47]. The different
concentration-concentration functions display a main peak at

the position k, a feature that has been also found for SgL (k) in
different tetrahedral glasses [76], the small peak at k3 >~ 1.0—
1.2 A~! being an indication of concentration fluctuations on
intermediate length scales. Results confirm that the “three-
peak” character of the structure factor originates from the
function focusing on topology [i.e., SkA (k)], although notable
differences between the intensities are acknowledged with
respect to binary As-Se and Ge-Se. One, indeed, immediately
observes that the second principal peak at k» ~ 2.09 A~!
is substantially reduced as compared to the related binary
glasses, this feature being even more pronounced for the Se-
poor composition (Gey;Asy;Sesg). It is important to remark
that the FPMD underestimation of the peak at k, (Fig. 2)
cannot entirely account for the present observation.

The peaks found in Bhatia-Thornton provide some infor-
mation on topological or chemical length scales [77]. The first
peak at k; has been associated with nearest-neighbor contacts
at distance d between species and is therefore a generic feature
of all glasses including colloidal materials [78] or series of
isochemical glasses ranging from ionic to semimetallic [79].
It is, thus, not surprising that the features of this peak are
very similar when the ternary Ge-As-Se compositions (black
curves, Fig. 11) are being compared to their binary counter-
parts [orange curves [39,47] and red curve [13] in Fig. 11(b)].
The amplitude of the correlations in Fourier space [i.e., in
S(k)] will, indeed, maximize [76,80] at a position given by
the Ehrenfest relation kjd = 7.725 ~57m /2 (if one takes here
d =240 A, one has k; = 3.21 A1),

The second peak at k, emerges only if the bonding scheme
assumes a directional character [77] present, e.g., in glassy
silica [81] or GeSe; [47]. The reason for a reduced intensity
at k, results from the fact that the ternary glass is made of both
tetrahedral and pyramidal motifs. In binary tetrahedral glasses
of the form AX; (SiO,, GeSe;, .. .), the scattering intensity is
found to maximize when the periodicity associated with k;
is commensurate with a typical distance found, and which is
represented by the base-to-apex distance given by /2/3dxx
involving the edge (i.e., the X-X bond distance) of the
AXy ), tetrahedron. Using dyx = +/8/3dax, one has therefore
21 [ky ~ 4dax /3 or kpdax >~ 3m /2 at scattering maximum.
Here, with dgese = 2.40 A, one has k, = 2.0 A1, i.e., close
to the exact location of second principal peak (2.09 A~")
but the reduced intensity at this scattering vector indicates an
obvious reduced ordering for this particular distance.

V. SUMMARY AND CONCLUSIONS

Glass network-forming chalcogenides not only represent
materials of special importance given their possibilities in
optoelectronic applications but they are also driven by fun-
damental features that influence structural characteristics.

Here, using neutron and x-ray scattering experiments to-
gether with first-principles molecular dynamics simulations,
we have focused on the structural and vibrational properties of
two systems able to serve as a probe for the isocoordination
rule [2,3]. This rule states that various glass properties only
depend solely on an averaged quantity of topological charac-
ter, that is, the network mean coordination number 7. Results
have been contrasted with isocoordinated binary systems such
as AszpSeqo and Gess3Seg;. The study first indicates that the
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experimental structure factor can be reproduced from molecu-
lar simulations with a rather satisfying accuracy. This permits
the validation of the structure models prior to further analysis
of structural features.

The molecular simulations reveal that the networks are
dominated by fourfold Ge, twofold Se, and threefold As as in
corresponding binary glasses. For Se-poor compositions, pref-
erential bonding does occur because As-As homopolar bonds
dominate together with As-Ge bonds, the fraction of Ge-Ge
being very low. The rest of the network is dominated by
Ge-Se, As-Se, and Se-Se bonds whose population depends on
composition. Topological ordering manifests by an increased
population of heteropolar ES with either two Ge atoms or one
Ge and One As atom. A comparison of the ring statistics with
corresponding binary glasses (Ge-Se and As-Se) permits to
rule out the possibility of a similar topology for the same
7. This conclusion is also met for the vibrational properties
as the VDOS and the so-called isocoordinated rule is merely
satisfied for the Se-rich composition.

Taken together, these results highlight the complexity
of such ternary networks which bear a similar short-range
order with corresponding Ge-Se and As-Se glasses but
display profound differences in bonding and intermediate

range order, the latter being captured by ring statistics and
Bhatia-Thornton structure functions. As these model struc-
tures reproduce with a certain accuracy experimental structure
functions accessed from scattering, it would certainly be
interesting to focus on other compositions and particu-
larly on those for which anomalies in relaxation behavior
are observed [18], in order to establish a neat structure-
property relationship as in previous studies on binary glasses
[39,47].
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