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Abstract
The experimental neutron and x-ray diffraction data for stoichiometric and S-deficient
Gex AsxS100−2x glasses with x = 18.2, 25.0, and 33.3 at.% have been modeled simultaneously
using the reverse Monte Carlo (RMC) technique. Nearest-neighbor coordination environments,
as obtained in previous x-ray absorption spectroscopy and diffraction experiments, have been
employed as short-range order constraints in these simulations. The large scale
three-dimensional structural models thus obtained from RMC simulation are used to investigate
the nature and compositional evolution of intermediate-range structural order in these ternary
glasses. The intermediate-range structural order is controlled by (1) a corner-shared
three-dimensional network of AsS3 pyramids and GeS4 tetrahedra in the stoichiometric
Ge18.2As18.2S63.6 glass, (2) a heterogeneous structure that consists of homopolar bonded As-rich
regions coexisting with a GeS2 network in the S-deficient Ge25As25S50 glass, and (3) a
homogeneous structure resulting from the disruption of the topological continuity of the GeS2

network and As-rich clusters regions due to the formation of Ge–As bonds in the most
S-deficient Ge33.3As33.3S33.3 glass. This scenario of the compositional evolution of
intermediate-range structural order is consistent with and provides an atomistic explanation of
the corresponding evolution in the position, width and intensity of the first sharp diffraction
peak and the magnitude of small angle scattering in these glasses.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Chalcogenide glasses are technologically important materials
that have received much attention due to their wide range
of applications in active and passive photonic devices [1, 2].
The short- and intermediate-range atomic structure of simple
binary chalcogenide glasses in As–X, P–X, and Ge–X
(X = S, Se) systems have been studied in detail by various
diffraction and spectroscopic techniques [3–15]. On the
other hand, structural studies in ternary and quaternary Ge–
As–S/Se/Te glasses have been mainly limited to short-range
order [16–20], although a number of recent experimental
studies have begun to address the nature of intermediate-
range order in these systems [21–27]. Neutron and x-ray
diffraction have traditionally served as the most important
and direct techniques for studying intermediate-range order

in amorphous materials. However, for multi-component
glass systems, it is extremely difficult to extract structural
information from diffraction data beyond the nearest-neighbor
length scale, due to the convolution of a large number of
pair-correlation functions in the radial distribution function
(RDF). Systematic studies employing the observation of RDFs
as a function of glass composition can be useful in terms
of providing important quantitative structural information on
short- and intermediate-range order. Additionally, simulation
of the diffraction data using modeling techniques such as
reverse Monte Carlo (RMC) modeling is often extremely
useful to obtain realistic structural information in complex
multi-component systems, especially at the intermediate-range
length scale (�0.5 nm) [28, 29]. Moreover, RMC modeling
of the diffraction data provides all of the partial structure
factors and pair distribution functions that are important in
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Table 1. Coordination number constraints C , bond distances d and cut-off distances that are used in the RMC simulations for Gex Asx S100−2x

glasses with x = 18.2, 25, 33.3.

Coordination constraints and bond distances

Composition CAs−As dAs−As (Å)
CAs−Ge or,
CGe−As dAs−Ge (Å) CAs−S dAs−S (Å) CGe−Ge dGe−Ge (Å) CGe−S dGe−S (Å)

Ge18.2As18.2S63.6 — — — — 3 2.25 — — 4 2.25
Ge25As25S50 3 2.45 — — — — — — 4 2.25
Ge33.3As33.3S33.3(I) 1 2.45 2 2.45 — — — — 2 2.25
Ge33.3As33.3S33.3(II) 3 2.45 — — — — 2 2.45 2 2.25

Cut-off distances (Å)

As–As As–Ge As–S Ge–Ge Ge–S S–S

Ge18.2As18.2S63.6 3.30 3.30 2.10 3.30 2.10 3.30
Ge25As25S50 2.40 3.00 3.00 3.30 2.10 3.3
Ge33.3As33.3S33.3(I) 2.45 2.45 3.25 2.45 2.15 3.35
Ge33.3As33.3S33.3(II) 2.30 2.30 3.25 2.30 2.10 3.25

explaining different features of the experimental diffraction
results [30–39].

Here we report the RMC modeling of the structure of
ternary Gex Asx S100−2x glasses with Ge (or, As) contents of
18.2, 25, and 33.3 at.%. The nearest-neighbor coordination
environments of Ge, As and S atoms in these glasses
were determined using diffraction and Ge and As K-
edge extended x-ray absorption fine structure (EXAFS)
spectroscopic techniques, and were previously reported in the
literature [16, 17, 25, 26]. These nearest-neighbor coordination
constraints are used in this study to simultaneously simulate
the experimental x-ray and neutron diffraction data for
these glasses. The resulting structural models are used in
combination with experimental diffraction data to investigate
in detail the compositional evolution of the intermediate-range
structural order at length scales beyond ∼0.5 nm in these
glasses.

2. Experimental details

The Ge–As sulfide glasses reported in this study were
synthesized by melting mixtures of the constituent elements
Ge, As and S with �99.995% purity (metals basis) in
evacuated (10−6 Torr) and flame sealed fused silica ampules
at ∼1200 K for at least 24 h in a rocking furnace. The
ampules were quenched in water and subsequently annealed
for 1 h at the respective glass transition temperatures.
The neutron diffraction data that have been used in the
RMC simulations were collected using the glass, liquid,
and amorphous materials diffractometer (GLAD) at the
intense pulsed neutron source (IPNS) at Argonne National
Laboratory [40]. The x-ray diffraction experiments were
carried out on the beamline 11-IDC at the Advanced Photon
Source (APS) at Argonne National Laboratory. A detailed
description of the experimental methods and data analysis can
be found elsewhere [25, 26].

3. Reverse Monte Carlo (RMC) modeling

The RMC simulations were performed on cubic cells
containing 1749, 1760, 1800 atoms for Gex AsxS100−2x glasses

with x = 18.2, 25 and 33.3, respectively, using the
RMCA code [28, 29]. The lengths of simulation cells were
determined according to the number densities of 0.0379 Å

−3
,

0.0371 Å
−3

and 0.0387 Å
−3

, respectively. The nearest-
neighbor coordination numbers and bond distances that were
used as constraints for these simulations have been obtained
from the previously published diffraction and Ge and As K-
edge EXAFS results for these glasses [16, 17, 25, 26], as
shown in table 1. These experimental studies have shown that
the Ge and As atoms have four and three nearest neighbors,
respectively, irrespective of chemical composition. For the
stoichiometric glass (Ge18.2As18.2S63.6) the Ge and As atoms
are heteropolar bonded to four and three S atoms respectively.
This structure consists of a mixture of corner-shared GeS4

tetrahedra and AsS3 pyramids. As the metal content increases,
the chemical order in the system is disrupted as heteropolar
Ge/As–S bonds are gradually replaced by metal–metal bonds.
At low levels of S-deficiency (20 � x � 25), only As atoms
participate in metal–metal bonding while the GeS4 tetrahedral
units are still preserved [16, 17, 25, 26]. At the highest levels
of S-deficiency (27.5 � x � 33.3), Ge atoms participate
in metal–metal bonding after all the As atoms are used up
in metal–metal bonding. However, the relative degree of
chemical order in metal–metal bonding involving Ge and As
atoms in this composition range can not be differentiated,
even by combined neutron and x-ray diffraction. Therefore,
two limiting cases were considered for RMC simulation of
this composition (x = 33.3). Case I assumed that all Ge
atoms would only bond to As atoms, and case II assumed all
Ge atoms would preferentially bond to Ge atoms (table 1).
All RMC models were generated following two steps. In
the first step, for each glass composition, the constituent
atoms are placed randomly inside the cubic cell. This initial
random configuration was then modified by random atomic
moves, on the basis of the nearest-neighbor bond lengths and
coordination numbers listed in table 1, until each coordination
constraint was met by 90–99%. Then, using these initial
atomic configurations, RMC simulations were run for 107 steps
for each composition in order to simultaneously fit the neutron
and x-ray diffraction structure factors.
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(a) (b)

(c) (d)

Figure 1. Atomic configurations generated by RMC simulations for Gex Asx S100−2x glasses with Ge(or As) contents of (a) x = 18.2,
(b) x = 25, (c) x = 33.3 for case I that assumes Ge atoms are bonded to only As atoms, and (d) x = 33.3 for case II that assumes Ge atoms
are bonded to only Ge atoms and As atoms are bonded to only As atoms. Orange (dark gray in printed version), blue (black in printed version)
and yellow (light gray in printed version) spheres represent Ge, As and S atoms, respectively.

4. Results and discussion

RMC generated three-dimensional representations of the
atomic structures of the three GexAsx S100−2x glasses are shown
in figure 1. Figures 2–5 show the experimental x-ray and
neutron structure factors S(Q) and the corresponding structure
factors that are obtained from RMC simulations, together with
the six different partial structure factors for these glasses.
The experimental and RMC-simulated total neutron and x-
ray structure factors show good agreement (figures 2–5). The
experimental neutron RDFs GN(r) for these glasses and the
partial pair distribution functions gi j(r) obtained from RMC
simulations are compared in figures 6–9. X-ray G(r)s look
almost the same, therefore they were not included in these
figures. The respective standard definitions of S(Q), G(r) and
gi j(r) can be found in previous publications [25, 26]. The
peak(s) in G(r), located between 2 and 3 Å, represents the
nearest-neighbor coordination environments of the Ge and As
atoms in the structure of these glasses. For the stoichiometric
glass with x = 18.2 the peak centered at ∼2.2 Å corresponds
to both As–S and Ge–S nearest-neighbor distances [25, 26]. A
second peak at ∼2.5 Å becomes dominant in the S-deficient
glasses with x = 25 and 33.3, and represent Ge/As–Ge/As
bonds (figure 2). For the stoichiometric glass the second

shell in G(r) is dominated by a peak centered at ∼3.4 Å
that is progressively replaced by a peak centered at ∼3.8 Å
in the S-deficient glasses (figures 6–9). At distances longer
than ∼4 Å the G(r) has a broad peak covering the region
between ∼5.0 and 5.5 Å in the stoichiometric glass, which
is gradually replaced by a peak in the region between 5.5
and 6.0 Å in S-deficient glasses. Moreover, peaks at ∼7 and
∼9 Å systematically increase in intensity with decreasing S
content, and become distinct, especially in the G(r) of the
S-deficient glasses with the lowest S contents. As discussed
below, the partial pair distribution functions gi j(r) obtained
from RMC simulations provide direct atomic assignment of
these correlation peaks in the experimental G(r).

4.1. Partial pair distribution functions

For Ge18.2As18.2S63.6 glass, the Ge–S and As–S partial pair
distribution functions display a strong peak at ∼2.25 Å
corresponding to nearest-neighbor correlations. The As–As,
As–Ge and Ge–Ge partial pair distribution functions show a
peak at ∼3.5 Å that clearly correspond to the next-nearest
neighbor environments of As and Ge atoms in Ge/As–S-Ge/As
linkages. Longer-range correlations at ∼5.5 Å appear in the
As–S and Ge–S partial pair distribution functions. Therefore it
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Figure 2. Upper panel: neutron and x-ray structure factors for
Ge18.2As18.2S63.6 glass shown in black (open circles in printed
version) together with the corresponding simulated RMC fits shown
in purple (solid line in printed version). Lower panel: partial
structure factors Si j (Q) obtained from RMC simulations. The
dashed line is drawn as a guide for the eye.

is likely that the peak located at 5.5 Å in the experimental G(r)

of this glass is associated with As/Ge–S correlations (figures 6–
9). Moreover, the metal–metal (Ge/As–Ge/As) partial pair
distribution functions display broad peaks near ∼6.5 Å. Hence,
such long-range metal–metal correlations must be responsible
for the broad peak in the experimental G(r) covering the region
between ∼6.5 and 7.0 Å.

The local coordination environment of the As atom
changes in Ge25As25S50 glass, as previous diffraction and
Ge and As K-edge EXAFS studies have shown that all the
As atoms are bonded with As atoms for this composition,
while the Ge atoms still remain heteropolar bonded to S
(table 1). Since these short-range order constraints were

Figure 3. Upper panel: neutron and x-ray structure factors for
Ge25As25S50 glass shown in black (open circles in printed version)
together with the corresponding simulated RMC fits shown in purple
(solid line in printed version). Lower panel: partial structure factors
Si j (Q) obtained from RMC simulations. The dashed line is drawn as
a guide for the eye.

used for the RMC simulations, the resulting As–As partial
pair distribution function is dominated by a sharp nearest-
neighbor peak at 2.45 Å, while the Ge–S pair distribution
function still exhibits a nearest-neighbor peak centered at
2.25 Å (figure 7). The peak at 3.45 Å in the Ge–Ge partial
pair distribution function corresponds to Ge–Ge next-nearest
neighbors that are connected through S atoms. The next-
nearest neighbor peak appearing at 3.8 Å in the experimental
G(r) of this composition must be due to As–As next-nearest
neighbors in As–As–As linkages, as the RMC-derived As–
As pair distribution function exhibits a peak at ∼3.8 Å. The
As–Ge correlation is very low, as there should not be many
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Figure 4. Upper panel: neutron and x-ray structure factors for
Ge33.3As33.3S33.3 glass (case I) shown in black (open circles in printed
version) together with the corresponding simulated RMC fits shown
in purple (solid line in printed version). Lower panel: partial
structure factors Si j (Q) obtained from RMC simulations. The
dashed line is drawn as a guide for the eye.

As–Ge next-nearest neighbors due to the extensive clustering
of As atoms in homopolar bonded regions. The longer-range
correlation at 5.5 Å in the experimental G(r) should be related
to As–As and Ge–S correlations in As-rich and GeS2-rich
clusters, respectively, as the partial pair distribution function
of these correlations exhibit small peaks at ∼5.5 Å (figure 7).
The broad feature at ∼6.5 Å in the Ge–Ge pair distribution
function possibly indicates that the broad peak in experimental
G(r) is associated with Ge–Ge correlations in GeS2 clusters.

As mentioned before, two structural scenarios were
considered for the simulation of the Ge33.3As33.3S33.3 glass.
The corresponding partial pair distribution functions are
consistent with the coordination constraints provided for each
case, as expected (figures 8 and 9). Case I is possibly a
more realistic structural scenario, in the sense that it would
be more likely to result in a decreasing FSDP intensity and
coherence length of intermediate-range order, consistent with
experimental results (see discussion below). Therefore, the
partial pair distribution functions for this case are discussed.
For case I, where homopolar Ge–Ge bonding is excluded,

Figure 5. Upper panel: neutron and x-ray structure factors for
Ge33.3As33.3S33.3 glass (case II) shown in black (open circles in
printed version) together with the corresponding simulated RMC fits
shown in purple (solid line in printed version). Lower panel: partial
structure factors Si j (Q) obtained from RMC simulations. The
dashed line is drawn as a guide for the eye.

the nearest-neighbor coordination environment of Ge atom is
represented by the peaks at 2.25 Å and 2.45 Å in the Ge–S
and As–Ge pair distribution functions, respectively (figure 8).
The peaks at ∼3.8 Å in the As–As and As–Ge pair distribution
functions are related to the metal–metal next-nearest neighbors
that are in Ge/As–As–Ge/As linkages and are responsible for
the appearance of the peak at 3.8 Å in x-ray and neutron
G(r)s of this glass composition. Moreover, As–As and Ge–Ge
correlations display broad features at ∼7 Å and As–As, As–
Ge, and Ge–Ge correlations exhibit peaks at ∼5.5 Å for this
composition. This observation indicates that all of the inter-
atomic correlations in the experimental G(r) of this glass are
dominated by various metal–metal correlations, as expected
from its metal-rich composition.

4.2. Structure factors

Besides deciphering the inter-atomic correlations in the
experimental G(r), these RMC simulations also allow for
a direct understanding of the origin and nature of the first
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Figure 6. Upper panel: weighted average of the partial pair
distribution function GN(r) for Ge18.2As18.2S63.6 glass obtained by
neutron diffraction. Inset is a magnified view of GN(r) at r � 5 Å.
Lower panel: partial pair distribution functions gi j (r) for
Ge18.2As18.2S63.8 glass obtained from RMC simulations.

sharp diffraction peak (FSDP) and, consequently, the nature
of the associated intermediate-range order in these glasses.
Previous diffraction studies have shown that x-ray and neutron
FSDP positions shift systematically to lower Q values with
increasing metal content [25, 26]. The x-ray/neutron FSDP
position is located at about 1.13 Å

−1
for the stoichiometric

glass composition (x = 18.2), while it shifts to ∼1.04 Å
−1

for
S-deficient glass with x = 25. For the glass with the highest S-
deficiency (x = 33.3), the FSDP is located at ∼0.96 Å

−1
. On

the other hand, the FSDP intensity was observed to increase in
the composition range 18.2 � x � 25, followed by a rapid
drop in the composition range of 25 � x � 33.3 [25, 26].
Similarly, the coherence length λ of intermediate-range order
(λ = 2π/�QFSDP, where �QFSDP is the full width at half
maximum of the FSDP) was found to be ∼18–19 Å for the

Figure 7. Upper panel: weighted average of the partial pair
distribution function GN(r) for Ge25As25S50 glass obtained by
neutron diffraction. Inset is a magnified view of GN(r) at r � 5 Å.
Lower panel: partial pair distribution functions gi j (r) for
Ge25As25S50 glass obtained from RMC simulations.

stoichiometric composition, and it rapidly jumps up to about
23–24 Å for the S-deficient glass with x = 25, followed
by a drop to ∼21 Å for the glass with x = 33.3. The
intensity of small angle neutron scattering (SANS) that is
typically associated with density and composition fluctuation
also follows a similar trend, with the glass with x = 25
being characterized by the highest SANS intensity [25, 26].
As we discuss below, the RMC-derived structural models are
completely consistent with such a composition dependence of
the FSDP parameters and SANS intensity, and yield a uniquely
detailed picture of intermediate-range order in the structures of
these glasses.

Previous isotope-substituted neutron diffraction and
anomalous x-ray scattering studies have indicated that the
FSDP in chalcogenide glasses arises primarily from metal–
metal correlations [12, 15, 41, 42]. The monotonically
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Figure 8. Upper panel: weighted average of the partial pair
distribution function GN(r) for Ge33.3As33.3S33.3 glass obtained by
neutron diffraction. Inset is a magnified view of GN(r) at r � 5 Å.
Lower panel: partial pair distribution functions gi j (r) for
Ge33.3As33.3S33.3 glass (case I) obtained from RMC simulations.

decreasing trend in the position of neutron and x-ray FSDP
to lower Q values with increasing metal content thus indicates
that the length scale of intermediate-range order in the form
of metal–metal correlations increases in the system. The
RMC generated partial structure factors of the Gex Asx S100−2x

glass with x = 18.2 (figure 2) clearly show that all of
the metal–metal (i.e. As–As, Ge–Ge and As–Ge) correlation
structure factors do indeed have intense peaks at ∼1.1 Å

−1

exhibiting a strong contribution to FSDP and therefore to the
intermediate-range order at a length scale of ∼5.7 Å. On
the other hand, the S–S and metal–S structure factors have
minor or negligible contribution to the FSDP intensity. The
RMC generated atomic configuration for this glass shows the
formation of a homogeneously mixed corner-shared network
of GeS4 tetrahedra and AsS3 pyramids (figure 1(a)). In
contrast with this glass only the Ge–Ge and As–As partial
structure factors contribute significantly to the FSDP of the
Ge25As25S50 glass, with a minor contribution from the As–Ge
partial (figure 3). This result implies the formation of As-rich

Figure 9. Upper panel: weighted average of the partial pair
distribution function GN(r) for Ge33.3As33.3S33.3 glass obtained by
neutron diffraction. Inset is a magnified view of GN(r) at r � 5 Å.
Lower panel: partial pair distribution functions gi j (r) for
Ge33.3As33.3S33.3 glass (case II) obtained from RMC simulations.

regions that are spatially separated from Ge-rich regions in
the glass structure. The RMC generated atomic configuration
for this glass shows nanoscale clusters of the GeS2 network
and homopolar As–As bonded regions (figure 1(b)). Such
nanoscale clustering is consistent with the nearest-neighbor
coordination environments of the metal atoms, as determined
in a previous Ge and As K-edge EXAFS spectroscopic study
that indicated the presence of GeS4 tetrahedra and AsAs3

pyramids in this glass (table 1). The spatial correlation lengths
of the clusters of GeS2 network and As–As homopolar bonded
regions in Ge25As25S50 glass, as shown in figure 1(b), is on the
order of ∼20 Å, which is consistent with the experimentally
determined coherence length of ∼24 Å [25, 26]. Moreover,
such intermediate-range order that leads to Ge- and As-rich
regions in the glass structure is also expected to give rise
to significantly large density and composition fluctuations.
Such a hypothesis is again consistent with the experimentally
observed high SANS intensity for this glass. In fact, a
comparison of the partial structure factors for all compositions
show that the small angle scattering intensity dramatically
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increases at x = 25 (figures 2–5). Figure 3 clearly indicates
that these density fluctuations originate from the long-range
metal–metal and S–S correlations, and that the structure of the
glass with x = 25 is the most heterogeneous on a nanometer
length scale.

As mentioned earlier, for Ge33.3As33.3S33.3 glass, the
relative degree of chemical order in metal–metal bonding
involving Ge and As atoms could not be differentiated by
combined neutron and x-ray diffraction [25, 26]. Therefore,
the nature of intermediate-range order is also not clear for this
composition. In order to visualize the structure of this glass,
two sets of RMC simulations were performed to illustrate
limiting possibilities (table 1). Case I assumed that Ge atoms
prefer to bond to As atoms only, while case II assumed
Ge atoms are bonded to Ge atoms and As atoms prefer to
bond As atoms only. The corresponding experimental and
RMC generated structure factors, together with the partial
structure factors, are shown in figures 4 and 5, respectively.
RMC generated total structure factors for both cases agree
with the experimental ones at the same level, therefore, one
can not conclusively argue that one structure is more likely
than the other on the basis of total structure factors alone.
The partial structure factors for case I and case II display
the characteristics of the bonding constraints applied in the
system. For case I, As–Ge and As–As partial structure factors
display peaks at ∼1.0 Å

−1
, thus contributing to the FSDP

(figure 4). On the other hand As–As and Ge–Ge correlations
are the main contributors to FSDP for case II (figure 5). The
RMC configuration for case I displays (figure 1(c)) a more
homogeneous distribution of metal atoms when compared to
that for case II (figure 1(d)), as in the former case Ge atoms
were forced to bond to As atoms. For case I, the small angle
scattering signal in the metal–metal partials is observed to
notably decrease for Ge33.3As33.3S33.3 glass, indicating that its
structure is significantly more homogeneous on a nanometer
length scale compared to that of the Ge25As25S50 glass
(figures 3 and 4). On the other hand, for case II, all like metal
atoms are forced to be bonded to each other i.e. only homopolar
As–As and Ge–Ge bonds were allowed, which resulted in an
expected As-clustering (figure 1(d)). In fact the topological
continuity of As-rich and Ge-rich regions in this glass is found
to extend to long length scales of ∼23 Å, similar to the As-
rich regions in the Ge25As25S50 configuration (figure 1(b)).
However, experimentally the coherence length of intermediate-
range order (2π/�QFSDP) as well as the SANS intensity for
the Ge33.3As33.3S33.3 glass are significantly smaller than those
characteristics for the Ge25As25S50 glass [25, 26]. These
results indicate a more homogeneous spatial distribution of
metal atoms in the Ge33.3As33.3S33.3 glass compared to that
in the Ge25As25S50 glass. Hence, the structural scenario
represented by case I seems to be more consistent with the
experimental results than case II.

5. Summary

RMC simulations of the high energy x-ray and neutron
diffraction data have been used to obtain three-dimensional
atomic configurations, partial structure factors and partial

pair distribution functions for a series of Gex Asx S100−2x

glasses with Ge (or As) contents of 18.2, 25, and 33.3%.
RMC results suggest that the structure of the stoichiometric
Ge18.2As18.2S63.6 glass consists of a corner-shared network of
homogeneously mixed GeS4 tetrahedra and AsS3 pyramids.
The corresponding intermediate-range order is associated
with the metal–metal correlations in this mixed GeS2–As2S3

network that gives rise to the FSDP. The nanometer-scale
coherence length of this order is controlled by the chemical
and topological order of the network. An increase in S-
deficiency (x = 25) results in the formation of heteropolar
bonded GeS2 regions and homopolar bonded As-rich clusters
with correlation length on the order of 20 Å in the Ge25As25S50

glass. The heterogeneous nature of the structure of this glass,
resulting from the coexistence of As-rich regions and GeS2

network, can be linked to the experimentally observed maxima
at or near this composition in the FSDP intensity, coherence
length of intermediate-range order and SANS intensity as a
function of metal content. Moreover, the correlation length
of the GeS2 and As-rich clusters in this glass corresponds
well with the coherence length of intermediate-range order
derived from the width of the FSDP. For the most S-
deficient Ge33.3As33.3S33.3 glass, the topological continuity of
GeS2 and As-rich clusters is disrupted and a relatively more
homogeneous Ge–As bonded network is formed as Ge atoms
participate in Ge–As type metal–metal bonding.
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