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Abstract
(As0.4S0.6)100−xAgx glasses (x = 0, 4, 8, 12 at.%) have been studied with high-energy x-ray
diffraction, neutron diffraction and extended x-ray absorption spectroscopy at As and Ag
K-edges. The experimental data were modelled simultaneously with the reverse Monte Carlo
simulation method. Analysis of the partial pair correlation functions and coordination numbers
extracted from the model atomic configurations revealed that silver preferentially bonds to
sulfur in the As2S3–Ag ternary glasses, which results in the formation of homoatomic As–As
bonds. Upon the addition of Ag, a small proportion of Ag–As bonds (NAgAs ≈ 0.3) are formed
in all three ternary compositions, while the direct Ag–Ag bonds (NAgAg ≈ 0.4) appear only in
the glass with the highest Ag content (12 at.%). Similar to the g-As2S3 binary, the mean
coordination number of arsenic is close to three, and that of sulfur is close to two, in the
As2S3–Ag ternary glasses. The first sharp diffraction peak on the total structure factors of As2S3

binary and (As0.4S0.6)100−xAgx ternary glasses is related to the As–As and As–S correlations.

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

1. Introduction

Amorphous chalcogenides are known for their unique prop-
erties such as electric switching, reversible amorphous-to-
crystalline transition or high infrared transmittance. Technolo-
gies based on chalcogenide glasses are applied successfully in
phase change optical recording or optical telecommunications,
for example. The interest in As–S and As–Se chalcogenide
glasses with additions of Ag is due to their ionic conductiv-
ity [1–6]. As–S–Ag alloys have been investigated in relation
to possible practical applications in different technological
processes or devices such as lithography [7], diffractive
optical gratings [8], information storage devices [9], optical
switches [10], and sensitive electrochemical electrodes [11].
The interest stems from the fact that the physical properties

of glasses are tightly related to their structure; a profound
knowledge of the latter can help to understand these materials
better, improve their physical properties, and exploit them
more efficiently.

Maruno et al [2] studied the electrical properties of As2S3–
Ag glasses and suggested that Ag atoms are presumably joined
to S atoms by ionic bonds. Ohta [4] explained the change of
electrical conduction in As2S3 glasses doped with Ag by the
breaking of As–S–As links and formation of Ag–S and As–
As bonds. Mastelaro et al [12] performed an extended x-ray
absorption fine structure (EXAFS) study of the ternary glasses
along the pseudo-binary line (Ag2S)–(As2S3). They found that
each As atom is coordinated by three S atoms (rAsS = 2.25–
2.27 Å) and Ag is coordinated by two S atoms (rAgS = 2.46–
2.48 Å) at any Ag concentration. However, proceeding from
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Table 1. Mass density of (As0.4S0.6)100−x Agx glasses measured by
the Archimedean method and the number density calculated.

Alloy
Mass density
(g cm−3)

Number density

(atoms Å
−3

)

As2S3 3.185 ± 0.005 0.0390
(As0.4S0.6)96Ag4 3.465 ± 0.005 0.0405
(As0.4S0.6)92Ag8 3.675 ± 0.006 0.0412
(As0.4S0.6)88Ag12 3.893 ± 0.006 0.0417

the fact that the glasses are based on stoichiometric As2S3,
they excluded homoatomic As–As bonding in ternary glasses.
Penfold and Salmon [13] studied two glasses As37.6S58.4Ag4

and As25S50Ag25 with neutron diffraction (ND) using 107Ag
and 109Ag isotopes. They established that (i) As remains
three-fold coordinated by S atoms both at low and high
concentrations of Ag; (ii) Ag is four-fold coordinated in
the As37.6S58.4Ag4 glass and is three-fold coordinated in the
As25S50Ag25 glass. A small proportion of Ag–Ag correlations
at distances around 2.97 Å was found, but neither As–As
nor Ag–As bonds were identified. Bychkov and Price [14]
investigated (Ag2S)–(As2S3) containing up to 25 at.% Ag with
neutron diffraction. They separated As–S, Ag–S and Ag–Ag
correlations by multi-peak Gaussian fitting of the total radial
distribution functions. Ag–Ag correlations were not found in
the glasses with a low Ag content (4 at.%), but they appeared at
about 3 Å (NAgAg ≈ 1) in the glasses with a Ag concentration
larger than 10–15 at.%.

In this work we perform a complex structural study
of glassy (g-) (As0.4S0.6)100−xAgx alloys (x = 0, 4, 8,
12 at.%) using x-ray diffraction (XRD), neutron diffraction
and EXAFS experimental techniques and a reverse Monte
Carlo (RMC) simulation method. Simultaneous modelling
of several experimental datasets for each composition enables
one to obtain the partial pair distribution functions and to
extract the information on the local atomic distribution in
the glasses. In section 2, we describe the details of the
sample preparation and experiments, and present the data
obtained. The RMC modelling is recalled in section 3. The
general experimental observations as well as the results of
RMC modelling are analysed in section 4. Our findings are
summarized in section 5.

2. Experimental details and results

(As0.4S0.6)100−xAgx bulk glasses (x = 0, 4, 8, 12 at.%) were
prepared from Ag, As and S of 5N purity. Pure elements
were weighed in the required molar ratio and sealed in silica
ampoules under a residual pressure ≈10−4 Pa. The atomic
As was purified by sublimation to avoid oxide formation just
before weighing. The sealed ampoules were put into a rocking
furnace and held at 750 ◦C for 24 h. The bulk samples were
quenched in air and annealed at 120 ◦C for 3 h. The samples
were kept under inert atmosphere of N2 after breaking the
synthesis ampoules.

The mass density of the alloys was determined with
an accuracy of ±0.15% using the Archimedean method by

Figure 1. XRD and ND structure factors, and As K-adsorption edge
EXAFS for As2S3 glass: circles—measurement; lines—data
obtained by simultaneous RMC simulation of the experimental XRD,
ND data without As–As and S–S bonding.

weighing samples in air and in toluene. The densities are listed
in table 1.

All compositions were studied with x-ray diffraction
at the BW5 experimental station at HASYLAB (DESY,
Hamburg) [15]. Bulk samples of about 2 mm thickness were
examined in a transmission geometry. The energy of the
incident beam was 99.8 keV and the beam size was 1 ×
4 mm2. The scattered intensity was recorded by a Ge solid-
state detector. The raw data were corrected for background,
absorption, polarization, detector dead-time and variations in
detector solid angle [16].

The EXAFS measurements were carried out for all
compositions at the Ag and As K-absorption edges at the
X1 experimental station at HASYLAB [15] in transmission
mode. The samples were finely ground, mixed with cellulose
and pressed into tablets. The sample quantity in the tablets
was adjusted for the composition of the sample and to the
selected edge to achieve an approximate transmission of 1/e.
EXAFS spectra were obtained with steps of 0.5 eV near the
absorption edge. The measuring time was k-weighted during
the collection of the signal. The x-ray absorption cross sections
μ(E) were converted to χ(k) by standard procedures of data
reduction using the program Viper [17].

The neutron diffraction experiment was carried out
for As2S3 and (As0.4S0.6)88Ag12 glasses with the 7C2
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Figure 2. XRD and ND structure factors, and EXAFS spectra for (As0.4S0.6)88Ag12 glass: circles—measurement; lines—data obtained by
simultaneous RMC simulation of the experimental XRD, ND and EXAFS data without S–S bonding. The coordination number for As atoms
was constrained to be 3.

diffractometer at the Léon Brillouin Laboratory (CEA-Saclay,
France). The samples were filled into thin walled (0.1 mm)
vanadium containers of 5 mm diameter. The raw data
were corrected for detector efficiency, empty instrument
background, scattering from the sample holder, multiple
scattering, and absorption.

Figures 1 and 2 show the whole sets of the experimental
data—XRD, ND and EXAFS—for the binary As2S3 and
ternary (As0.4S0.6)88Ag12 glasses. The experimental structure
factors obtained with XRD and the corresponding pair
distribution functions for all (As0.4S0.6)100−xAgx glasses
studied are compared in figure 3.

3. Reverse Monte Carlo modelling

Reverse Monte Carlo modelling enables the construction
of large three-dimensional structural models compatible
with available experimental information. Partial pair
distribution functions, most probable interatomic distances and
coordination numbers can be extracted from the model atomic
configuration. The details of RMC and its application to
chalcogenide glasses can be found elsewhere [18–22].

In the present work, the atomic structures of the As2S3

binary glass and (As0.4S0.6)100−xAgx ternary glasses have been
modelled with the new RMCPP code [23]. The simulation
boxes contained 20000 atoms. The number densities ρ used
in the simulations were calculated from the mass densities
given in table 1. The choice of proper minimum interatomic
distances (cut offs) is essential: too high values may prevent
RMC from achieving a good fit, while too low cut offs may
result in the mixing of originally non-overlapping peaks. RMC
tends to produce the most disordered atomic configuration
compatible with experimental data. Thus, in a multicomponent

Table 2. Minimum interatomic distances (cut offs) applied in the
RMC simulation of (As0.4S0.6)100−xAgx glasses.

Pair As–As As–S As–Ag S–S S–Ag Ag–Ag

Cut off (Å) 2.3 1.9 2.3 2.7 2.4 2.6

system the presence/absence of some characteristic interatomic
distances (bonds) is not necessarily revealed by a single
simulation run. For this reason several test runs were carried
out with varying cut offs. For all compositions satisfactory fits
of experimental data could be achieved by applying a minimum
S–S distance as high as 2.7 Å. The choice of As–Ag and
Ag–Ag minimum distances will be discussed below. Cut offs
applied in the ‘final’ runs (used to produce configurations for
further analysis) are listed in table 2.

The backscattering amplitudes needed to obtain the
model EXAFS curves from the pair distribution functions
were calculated by the FEFF8.4 program [24]. As an
example, fits obtained by simultaneous modelling of all
available independent measurements for As2S3 binary and
(As0.4S0.6)88Ag12 ternary glasses are compared with the
experimental data in figures 1 and 2. Similar good quality fits
were obtained for the alloys with 4 and 8 at.% Ag (not shown).
Partial pair distribution functions gi j(r) corresponding to the
model configurations for all compositions studied are shown
in figure 4. The corresponding mean nearest neighbour
distances ri j and coordination numbers Ni j are presented in
table 3. It should be noted that only neighbours within the
first coordination shell are considered. The uncertainty of
ri j is usually around ±0.02 Å, but it can be significantly
higher (0.05–0.1 Å) for atomic pairs with a low contribution
to the total pair distribution function. The error of the mean
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Figure 3. XRD total structure factors S(Q) and pair distribution
functions g(r) for (As0.4S0.6)100−xAgx glasses.

coordination number for alloy constituents Ni X is around 5–
10%, while that of partial coordination numbers Ni j can again
be higher, especially for low concentration alloy constituents.
The absolute uncertainty of these values is about ±0.2.

4. Discussion

4.1. General observations

Crystalline As2S3 (orpiment) has a monoclinic structure with
eight As atoms and twelve S atoms in the unit cell [25]. Each
As atom is covalently bonded to three S atoms in a pyramidal
unit and each S atom is bonded to two As atoms. Covalently
bonded AsS3/2 units form layers parallel to the a–c plane,
which are weakly connected by van der Waals forces along the
b axis. The mean As–S distance is 2.24 Å, that of As–As is
3.48 Å and that of S–S is 3.40 Å.

The structure of As2S3 glass is usually presented as a
random network of layers composed of AsS3/2 pyramidal units,
which are linked together by corner-sharing sulfur atoms. The
layers are held together through weak intermolecular forces
like that in the crystalline state. For example, Iwadate et al [26]
studied As2S3 glass with XRD and ND. They established that
each As atom has approximately three S nearest neighbours at
the distance of 2.27 Å and the closest approach distances for

the homoatomic pairs As–As and S–S are 3.48 Å and 3.32 Å
respectively. These values are very close to those found in
orpiment.

Structural changes in the (As0.4S0.6)100−xAgx glasses
with increasing Ag content can already be revealed by
analysis of the x-ray diffraction structure factors and pair
distribution functions (figure 3). The intensity of the first
sharp diffraction peak (FSDP) on the experimental S(Q)s is
decreases remarkably, while its position at about 1.26 Å

−1

remains constant. The second maximum shifts to smaller
values of the diffraction vector Q—from 2.41 Å

−1
for x =

0 to 2.19 Å
−1

for x = 12. The next maxima shift to
higher Q-values and the intensity of oscillations decreases with
increasing Ag concentration.

The peak of the g(r) functions at r = 2.26 Å reflects the
As–S bonding. This value (2.26 Å) is close to the mean As–
S distance in crystalline As2S3 [25] as well as to the sum of
covalent radii for As and S [27]. The intensity of this peak
decreases continuously with increasing Ag concentration. At
the same time, a shoulder on the g(r) at 2.5–2.6 Å appears
for the alloys with 4 and 8 at.% Ag, and it develops into a
peak at 12 at.% Ag. This distance correlates with the sum
of covalent radii for Ag and S (2.50–2.58 Å [27]). Based on
these observations, it can be concluded that the number of
As–S pairs decreases and Ag–S bonds appear in the ternary
glasses when Ag is alloyed with As2S3. If we suppose that As
remains three-fold coordinated, then it is reasonable to assume
that the reduction of the number of As–S pairs is compensated
by the formation of ‘wrong’ As–As pairs. However this
cannot be proven directly from the total structure factors or
pair distribution functions of ternary alloys because the As–
As contribution to the diffraction curve would be covered by
the intense As–S scattering. Therefore, analysis on the level
of partial atomic distributions and coordination numbers is
required.

4.2. Analysis of the RMC models

Bearing in mind that the formation of homoatomic As–As
bonds is very probable in the (As0.4S0.6)100−xAgx ternary
glasses, we checked the sensitivity of RMC models to these
correlations. For this, the existence of As–As bonding in the
As2S3 binary glass was tested. At first, the XRD and ND
structure factors of g-As2S3 were modelled with the cut offs
prohibiting direct As–As and S–S bonds: r min

AsAs = 2.9 Å,
rmin

AsS = 1.9 Å, rmin
SS = 2.7 Å. The model curves excellently

coincide with those obtained in the experiments as it is seen
in figure 1. The mean coordination numbers extracted from
the model partial pair distribution functions (NAsS = 2.94 and
NSAs = 1.96) correspond to the valences of As and S. The
quality of the RMC fit was also very good if the As–As cut
off was decreased to 2.3 Å, that is, when direct As–As bonds
were allowed. In this case, NAsAs = 0.2, NAsS = 2.76, and
NSAs = 1.84 were obtained. Hence, as it follows from our
modelling, there might be a small proportion of homoatomic
As–As bonds in the glassy As2S3. However, the above value
of NAsAs is close to the error of the model.

4
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Figure 4. Partial pair distribution functions for (As0.4S0.6)100−xAgx glasses obtained with RMC. The coordination number for As atoms was
constrained to be 3. Direct S–S bonds were forbidden in all models. The values presented for As2S3 composition are extracted from the model
without homoatomic As–As and S–S bonds.

Table 3. The nearest neighbour distances ri j (within the first coordination shell) and coordination numbers Nij for (As0.4S0.6)100−xAgx glasses
obtained with RMC modelling. The coordination number for As atoms was constrained to be 3. Direct S–S bonds were forbidden in all
models. The values presented for As2S3 composition are extracted from the model where homoatomic As–As and S–S bonds were forbidden.

As2S3 As38.4S57.6Ag4 As36.8S55.2Ag8 As35.2S52.8Ag12

Pairs, i– j ri j (Å) Nij ri j (Å) Nij ri j (Å) Nij ri j (Å) Nij

As–As — — 2.44 0.4 2.46 0.49 2.47 0.53
As–S/S–As 2.26 2.94/1.96 2.26 2.68/1.79 2.26 2.42/1.61 2.26 2.39/1.59
As–Ag/Ag–As — — 2.64 0.03/0.29 2.60 0.06/0.29 2.60 0.09/0.28
Ag–Ag — — — 0 — 0 2.9–3.2 0.39
Ag–S/S–Ag — — 2.54 2.15/0.15 2.56 2.11/0.31 2.58 2.55/0.58
S–S — 0 — 0 — 0 — 0
As–X — 2.94 — 3.11 — 2.97 — 3.01
S–X — 1.96 — 1.94 — 1.92 — 2.17
Ag–X — — — 2.44 — 2.41 — 3.22

Taking into account the coordination numbers obtained for
g-As2S3 and the results of previous studies on ternary As–S–
Ag glasses (EXAFS [12], ND [13]), the coordination constraint
NAsX = 3 was applied in the modelling of ternary glasses.
That is, for each As atom the sum of nearest neighbours

(regardless the type) had to be 3. In the final configurations
90–95% of As atoms satisfied the above condition. From
preliminary (unconstrained) runs it had been already clear
that Ag bonds mostly to S. To see how the coordination
number of S changes upon adding Ag, the coordination number

5
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Figure 5. Reduced partial structure factors [Si j (Q) − 1] for g-As2S3 (solid lines) and g-(As0.4S0.6)88Ag12 (dashed lines).

of sulfur was not constrained (this is why we can say that
NS = 2 comes from the data and not from the constraints).
Direct S–S bonds were considered as very improbable in
the ternary glasses (As0.4S0.6)100−xAgx and were therefore
forbidden during modelling. The results of constrained RMC
simulations confirm that Ag is predominantly bonded to S
atoms when it is added to the As2S3 binary. The number of S–
As nearest neighbours gradually decreases from 2 in g-As2S3

to about 1.6 in As35.2S52.8Ag12 glass. The mean coordination
number NAsAs in the ternary glasses is larger (0.4–0.5) than
that obtained for the As2S3 binary (0.2), which suggests that
‘wrong’ As–As bonds (rAsAs = 2.46–2.47 Å) are already
formed upon addition of 4 at.% Ag.

Better RMC fits were obtained when Ag–As bonds were
allowed in the ternary glasses. A small peak appeared on the
gAsAg(r) with the maximum at 2.6 Å, which correlates with
the sum of Ag and As covalent radii. It is interesting that
for all ternary compositions, one Ag atoms has on average
approximately 0.3 As nearest neighbours.

If the Ag–Ag bonds are allowed in the ternary models,
there appear two small peaks on the gAgAg(r) for the
As35.2S52.8Ag12 composition—one at 2.9 Å and another at

3.2 Å. Integration over these two peaks yields NAgAg ≈
0.4. It is worth noting that no direct Ag–Ag contacts
are formed in the model structures for g-As38.4S57.6Ag4 and
g-As36.8S55.2Ag8. The closest approach between Ag atoms in
these two glasses is about 3.5 Å.

A remarkable feature of the total XRD and ND structure
factors for g-As2S3 binary (figure 1) is the first sharp
diffraction peak at about 1.26 Å

−1
, whose intensity decreases

upon addition of Ag (figures 2 and 3). Zhou et al [28] studied
glassy As2S3 with the help of anomalous x-ray diffraction
and concluded that the FSDP is mainly caused by As–As
correlations extended as far as 7 Å [28]. Bychkov and Price
[14], who observed the reduction of FSDP in the (Ag2S)–
(As2S3), suggested that this is related to the transformation
and fragmentation of the As2S3 network with increasing Ag
concentration.

The nature of the FSDP can be revealed by analysis of the
partial structure factors Si j(Q) related to the respective pair
distribution functions gi j(r) via the Fourier transformation:

Si j(Q) = 1 + 4πρ0

Q

∫
r sin Qr(gi j(r) − 1) dr, (1)

6
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Figure 6. Weighted reduced XRD partial structure factors wi j [Si j (Q) − 1] for g-As2S3 (solid lines) and g-(As0.4S0.6)88Ag12 (dashed lines).

Table 4. XRD weighting coefficients wi j s for (As0.4S0.6)100−xAgx
glasses at Q = 0.

wi j s As2S3 As38.4S57.6Ag4 As36.8S55.2Ag8 As35.2S52.8Ag12

wAsAs 0.335 0.284 0.241 0.204
wAsS 0.488 0.413 0.351 0.297
wAsAg — 0.084 0.149 0.198
wAgAg — 0.006 0.023 0.048
wAgS — 0.061 0.109 0.144
wSS 0.177 0.150 0.127 0.108

where Q = 4π sin θ/λ is the magnitude of the diffraction
vector, λ is the radiation wavelength, 2θ is the diffraction
angle, and ρ0 is the mean atomic number density. Figure 5
shows the reduced partial structure factors [Si j(Q) − 1] for
As2S3 and As35.2S52.8Ag12 glasses obtained from the partial
pair distribution functions plotted in figure 4. Strong first
sharp diffraction peaks are seen at about 1.26 Å

−1
on the

SAsAs(Q) and SAsS(Q) functions of the g-As2S3 binary. With
the addition of Ag, the intensity of the FSDP on SAsAs(Q)

increases, while that of the FSDP on the SAsS(Q) function
decreases. At the same time, the SAgAg(Q) curve has a deep

minimum at ∼1.26 Å
−1

. To distinguish the contribution of

each atomic pair to the FSDP, it should be taken into account
that the total structure factor S(Q) is a weighted sum of the
partial Si j (Q)s:

S(Q) − 1 =
∑

i j

wi j(Q)[Si j(Q) − 1]. (2)

The weighting coefficients wi j depend on alloy composition
and on the type of radiation. For the x-ray diffraction, wi j

can be calculated from the concentrations ci and atomic form
factors fi with the expression:

wi j(Q) = (2 − δi j)ci c j fi (Q) f j (Q)∑
i j ci c j fi (Q) f j (Q)

, (3)

δi j is the Kronecker symbol. In the case of neutron diffraction
the atomic form factors have to be replaced by the coherent
neutron scattering lengths, which are Q-independent.

The XRD weights wi j at Q = 0 for (As0.4S0.6)100−xAgx
glasses are listed in table 4, while the weighted reduced partial
structure factors wi j [Si j(Q)−1] for As2S3 and As35.2S52.8Ag12

glasses are plotted in figure 6. It is clearly seen that the FSDP
at about 1.26 Å

−1
on the total XRD structure factor of g-As2S3

is related to the As–As and As–S correlations. Upon addition

7
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of Ag to the As2S3 binary, the number of As–S bonds decreases
and As–As bonds are formed. This is reflected on the partial
structure factors in decreasing intensity at 1.26 Å

−1
for the As–

S pairs and increasing intensity for the As–As pairs. However,
the intensity of the FSDP on the XRD total structure factor
decreases (figure 3). The decrease is explained by the fact
that the increase of the As–As pairs (NAsAs) is compensated
by the decrease of their weight (wAsAs) in the total structure
factor, while for the As–S pairs both the coordination number
(NAsS) and the XRD weighting coefficient (wAsS) decrease
(tables 3 and 4). The slight increase of the intensity at low
Q-values on the S–S partial structure factor is balanced by
a minimum on the Ag–Ag partial structure factor (figure 6).
Therefore, these correlations (Ag–Ag and S–S) have virtually
no influence on the FSDP intensity of the total structure factor
for (As0.4S0.6)100−xAgx ternary glasses.

5. Conclusions

The results of the present study show that addition of Ag
to As2S3 mainly results in the formation of Ag–S and As–
As bonds. The average number of heteroatomic As–S bonds
gradually decreases from 3 in the As2S3 glass to 2.4 in g-
As35.2S52.8Ag12. At the same time, homoatomic As–As bonds
are formed; their number reaches 0.4–0.5 for the ternary
glasses with 4, 8 and 12 at.% Ag. Upon the addition of Ag,
a small proportion of Ag–As bonds is formed, which is the
same (NAgAs ≈ 0.3) for all three ternary compositions, while
the direct Ag–Ag bonds (NAgAg ≈ 0.4) appear only in the
glass with highest Ag content (12 at.%). It is noteworthy that
the addition of Ag does not change the mean coordination
number of As and S. Similar to the g-As2S3 binary, the mean
coordination number of arsenic is close to three and that of
sulfur is close to two in the As2S3–Ag ternary glasses. It
is shown that the first sharp diffraction peak on the total
structure factors of As2S3 binary and (As0.4S0.6)100−xAgx
ternary glasses is related to the As–As and As–S correlations.
The decrease of the FSDP intensity on the structure factors
of the ternary glasses is explained in the first place by the
reduction of the number of As–S bonds upon the addition of
Ag to the As2S3 binary.
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