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Abstract—The high-precision volume measurements of the g-As2S3 glass have been performed at high hydro-
static pressures up to 8.6 GPa, and room temperature. The glass behaves elastically during compression only
at pressures up to 1.5 GPa; at higher pressures, a smooth transformation and inelastic density relaxation (log-
arithmic in time) take place. In the initial segment, the bulk modulus is B = 13.5 ± 0.15 GPa and its pressure
derivative is dB/dP = 6.2 ± 0.2. When pressure increases further, the relaxation rate passes through a maxi-
mum at 4 GPa, which is accompanied by a bulk modulus plateau, and then decreases and remains noticeable
up to the maximum pressure. When pressure decreases, inelastic behavior and the reverse transformation are
observed at pressures below 4 GPa. After pressure release, the g-As2S3 glasses have a residual densification of
about 3% and their optical properties differ substantially from the initial ones. The glass density relaxes to a
quasi-equilibrium value in several months under normal conditions. The kinetics of the Raman spectrum and
the optical absorption edge of the glasses during relaxation is studied under normal pressure. The data on
compressibility of glasses and comparative Raman studies of initial and compacted glasses show that at pres-
sures up to 9 GPa, there is a strong increase in chemical disorder in the glass, while there is no significant
change in the coordination number.
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INTRODUCTION
g-As2S3-based glasses have received the most study

and are most widely used among the chalcogenide
materials. Glass formation in cooling the As2S3 melt
was described for the first time in 1870 [1], and the
properties of the glass were comprehensively studied in
[2]. As2S3-based glasses are widely used due to their
high transparency in the middle IR region, anomalous
photoelastic properties, and so on [3, 4]. Sulfide and
selenide As2S3 sesquichalcogenides have a layered
structure, where two-dimensional layers are formed
by As6X6 rings and each arsenic atom belongs to three
neighboring rings. A similar two-dimensional struc-
ture is retained in glass; however, a single type of rings
in crystals changes into a broad distribution [5].

The short-range and intermediate orders of crys-
talline As2S3 (orpiment) are substantially retained in
the liquid and glassy states; hence, their electronic
structures are similar [6, 7]. However, in contrast to
the crystal, the atomic layers in the glass bend strongly,
join each other, and form a continuous network. Note
that it was g-As2S3 glass that served as a prototype for
the famous Zachariasen model for a glass network [8].

The chemical disorder in g-As2S3 (ratio of the number
of homopolar bonds to the total number of bonds)
does not exceed 3–5%, which is well below that in g-
As2Se3 and g-As2Te3 [3, 9].

The behavior of As2S3 during compression in the
crystalline, glassy, and liquid states was studied in a
few works. The unique close packing of layers in the
crystal structure of orpiment leads to a high stability of
this modification in compression: no phase transfor-
mations were detected at room temperature up to
10 GPa. However, the interlayer interaction increases
strongly on compression and the optical gap decreases
from 2.7 to 1.6 eV upon compression up to 10 GPa
[10].

The authors of [11] predicted that a phase transi-
tion should occur in both crystalline and glassy As2S3,
which is accompanied by metallization, at a pressure
above 35–40 GPa. In [12], we found that the crystal-
line modification of As2S3 decomposes into a mixture
of modifications with “wrong” stoichiometries AsS2
and AsS at high temperatures (above 800 K) and pres-
sures above 6 GPa. The room-temperature studies [13]
of orpiment As2S3 at ultrahigh pressures up to 46 GPa
571
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point to the absence of phase transformations over the
entire pressure range: only weak structural distortion
at 25 GPa and smooth metallization at 42 GPa can
occur.

The behavior of g-As2S3 glass under pressure was
investigated in many works (see [6, 11, 14–18]). The
optical gap in g-As2S3 glass behaves similarly to the
crystal: it decreases from 2.5 to 1.5 eV during compres-
sion to 8.6 GPa [15]. The ultrasonic investigations [11]
of the elastic moduli of g-As2S3 were performed at
pressures up to 2 GPa: the initial bulk compression
modulus of g-As2S3 was found to be B0 = 12.84 GPa,
and the pr derivative of the modulus was  = 7.5.
Note that the data on Young’s modulus and the shear
modulus obtained in [2] give a higher bulk compres-
sion modulus (B0 = 13.7 GPa). The Raman studies of
g-As2S3 glass to a pressure of 10 GPa [18] indicate
nanoseparation (enhanced chemical disorder in the
glass). Apart from the fundamental excitation bands
related to the vibrations of pyramidal AsS3 groups,
vibrational bands, which can be attributed to As4S4
groups, appear. Small irreversible changes in Raman
spectra were retained after pressure release. The
detailed investigation of IR spectra to a pressure of
57 GPa [6] found that the optical gap closed and
metallic conduction appeared at about 45 GPa. Later
[16], g-As2S3 was studied by EXAFS up to a pressure of
60 GPa. An anomalous increase in the As–S interpar-
ticle distance was detected over a wide pressure range
from 15 to 50 GPa. This increase is obviously related to
an increase in the coordination number. The denser
modification of the glass at a pressure above 50 GPa is
likely to be a metal. Finally, the short- and intermedi-
ate-range orders in the g-As2S3 glass at a pressure up to
6.5 GPa were investigated by ab initio computer simu-
lation [17]. An increase in the number of dangling
bonds and the number of “wrong” As–As neighbors
was detected.

The As2S3 melt was studied under pressure in [19,
20]. The viscosity of the melt was found to decrease by
four orders of magnitude (which is a record) along the
melting curve during compression up to 8 GPa. At
pressures above 6 GPa, the coordination number
increases noticeably and the melt transforms into a
semimetallic state. The melt was assumed to undergo
nanoseparation with the formation of regions with
wrong stoichiometries AsS and AsS2 on the scale of
two coordination shells at these pressures. The same
separation into a mixture of two modifications but on
a macroscale was observed during solidification of the
melt at P > 6 GPa [12].

Recently, we have performed a cycle of works to
study the compressibility and relaxation of glassy sele-
nium [21, 22], germanium-based chalcogenide glasses
[23, 24], and glassy arsenic telluride (metallization of
which was investigated in detail) [9, 25] and revealed a
number of bright and unusual effects.

'PB
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The purpose of this work is to study the compress-
ibility and relaxation (during compression and after
pressure release under normal conditions) of the
g-As2S3 chalcogenide “archetype” glass at a high
accuracy.

EXPERIMENTAL
The initial glasses were made of elementary As

(99.9999%) and S (99.999%, Aldrich Chemical Ltd.).
The substances were placed in preliminarily cleaned
quartz tubes with an inside diameter of 8 mm, which
were then pumped out and sealed. The melts were held
and stirred at 600°C for 6 h and were then water
cooled.

Comparative structural and Raman studies were
carried out for the following two groups of glasses
under normal conditions: the quenched glasses are the
initial glasses after melt quenching, and the glasses
after high pressure are the samples subjected to a pres-
sure of 8.6 GPa.

Raman spectra were measured on a spectrometer
equipped with a Sentera (Bruker) microscope during
excitation by a solid-state laser with a wavelength of
785 nm. Although the laser wavelength corresponds to
the transparent region of the sample, the laser power
was decreased to 1 mW during measurements. Absorp-
tion spectra were measured on a UV-3600 (Shimadzu)
spectrophotometer. The refractive index was deter-
mined from the defocusing of an image when a sample
was placed between the image and the microscope
objective lens using the expression n = (1 – t/d)–1,
where d is the plane-parallel sample plate thickness
and t is the change in the focal distance. The measure-
ments were performed with an MIK-1 IR microscope
at a wavelength of 1.2 μm.

The initial melt-quenched glass samples had a den-
sity of 3.18 g/cm3. During preparation for high-pres-
sure experiments (cementing of strain gauges followed
by “hot” cement polymerization at T = 155°C for 7 h),
the glass samples relaxed to a more equilibrium state,
internal stresses were removed, and the density
increased to 3.19 g/cm3. All glass samples (initial sam-
ples and samples after high-pressure experiments) had
a typical glass structure and did not contain crystalline
impurities (see Fig. 1). The samples intended for high-
pressure experiments were parallelepipeds with
smoothed edges. Samples 3 × 2 × 1.7 mm3 in size were
used for compressibility and relaxation investigations
(see Fig. 2).

High-pressure experiments were carried out in a
Toroid apparatus [26] with the central pip diameter of
15 mm. The tensometric technique [27] was used to
measure the glassy sample volume under hydrostatic
pressure (see Fig. 3). The absolute accuracy of mea-
suring the sample volume using this technique was
0.2% and the measurement sensitivity was 10–3%. An
important advantage of this technique is a very short
D THEORETICAL PHYSICS  Vol. 130  No. 4  2020
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Fig. 1. (Color online) (a) Structure factors and (b) Raman
spectra of g-As2S3 samples (1) before and (2) after the
action of a high pressure. 
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Fig. 2. (Color online) g-As2S3 glass sample with a glued
strain gage.

Fig. 3. (Color online) Sample (for calibration) and the
manganin gage in an ampule with a hydrostatic medium.
measurement time (0.2 s). As a result, detailed infor-
mation on the behavior of the sample volume under
pressure can be obtained. Moreover, this technique
makes it possible to study the volume change kinetics
under pressure over a wide time range (10–107 s). An
important advantage of this technique is the fact that
baric dependences of the sample volume can be
obtained when pressure increases or decreases under
purely hydrostatic conditions. This technique was suc-
cessfully applied to investigate both oxide and chalco-
genide glasses (see, e.g. [9, 21–25, 28, 29]).

A methanol–ethanol (4 : 1) mixture with a hydro-
static limit of about 10 GPa was used as a pressure-
transferring medium. The pressure was measured by a
manganin transducer calibrated against the transitions
in bismuth (2.54 and 7.7 GPa). The reproducibility of
the pressure scale (possibility of comparison of the
data obtained in different experiments at the same
pressure) was 3 MPa in all experiments.

The sample volume was measured when the pres-
sure was continuously changed at a rate of 0.07–
0.12 GPa/min upon increasing and 0.03–0.05 GPa/min
upon decreasing. To plot baric dependences, we took
data at a pressure step of 0.025 GPa, which allowed us
to plot an almost continuous curve without extrapola-
tion. 

The pressure was maintained at a constant level
accurate to ±2 MPa during measurements when the
glass densification kinetics was studied at a fixed pres-
sure. Both the tensometric technique and the mea-
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
surement of Raman spectra were used to investigate
the relaxation kinetics at normal pressure.

RESULTS AND DISCUSSION

Figure 4 shows the baric dependences of the
g-As2S3 glass volume for three different samples.

The compression curve of the g-As2S3 glasses can-
not be approximated by a simple equation of state, and
elastic behavior is only observed to a pressure of 1.3–
1.5 GPa. As compared to other chalcogenide glasses,
the pressure hysteresis between the compression and
unloading curves is small, the residual densification is
about 3%, and the volume relaxes to the initial value in
several months under normal conditions. The inset to
Fig. 4 shows the segments of the baric dependences of
the glass volume near 6–7 GPa to demonstrate the
measurement accuracy. Relaxation measurements
were carried out on one of the samples at several fixed
YSICS  Vol. 130  No. 4  2020
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Fig. 4. (Color online) Compressibility of the As2S3 glass
during an increase (solid symbols) and decrease (open
symbols) of the pressure. (The colors and symbols indicat-
ing different experiments are the same in all figures.) The
glass densification kinetics at a fixed pressure was studied
in one of the experiments at a fixed pressure and the points
indicated by arrows. The holding time at the maximum
pressure in that experiment was about 20 h, and the hold-
ing time in two other experiments was less than 1 h. (inset)
Enlarged high-pressure region. 
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Fig. 5. (Color online) Effective bulk moduli of the g-As2S3
glass obtained from the initial V(P) data as B = –VdP/dV
during an increase (solid symbols) and decrease (open
symbols) of the pressure. The heavy arrows indicate hold-
ing at a constant pressure (see Fig. 4). The dashed line
illustrates the nonlinearity of the pressure dependence of
the bulk modulus when pressure decreases. 
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pressures. The baric dependences of three samples are
seen to coincide at a high accuracy (about 0.1%), and
the compression curve recorded after isobaric relax-
ation in the course of a further increase in the pressure
merges asymptotically with the compression curve for
which relaxation measurements were not performed.

Due to the high sensitivity of the tensometric tech-
nique, we were able to find the effective bulk compres-
sion moduli of the glasses by direct differentiation at
points without additional processing. Figure 5 shows
the bulk compression moduli of the g-As2S3 glasses
versus pressure. A linear increase in the bulk compres-
sion modulus with pressure is observed up to 1.2 GPa.
In the initial segment, the bulk modulus is B = 13.5 ±
0.15 GPa and its pressure derivative is dB/dP = 6.2 ±
0.2. This value is noticeably higher than that deter-
mined in the ultrasonic measurements (12.9 GPa) [11]
and is slightly lower than the estimate made from
Young’s modulus (13.7 GPa) [2]. The bulk compres-
sion modulus of the g-As2S3 glasses obeys the general
dependence obtained for analog glasses: B = 14.5 GPa
for g-As2Se3 [14] and B = 15.8 GPa for g-As2Te3 [25].
When the pressure increases further, the dB/dP deriv-
ative decreases and becomes almost zero in the range
2.5–4 GPa. The decrease in the effective bulk com-
pression modulus of the g-As2S3 glasses in the pressure
range 2.5–4 GPa is substantially analogous to the
behavior of the g-GeSe2 and g-As2Te3 glasses [9, 23–
JOURNAL OF EXPERIMENTAL AN
25]. This behavior of the modulus is caused by intense
volume relaxation, which begins above 1.5 GPa and
continues up to the highest pressures. The bulk mod-
ulus in this range corresponds to the relaxing values.
The difference between the relaxing and fully relaxed
bulk moduli indicates the presence of activation pro-
cesses and diffuse transitions in the glasses (see discus-
sion in [29]). Upon long-term isobaric relaxation, the
effective bulk modulus first corresponds to high
relaxed values when the pressure increases and then
decreases to the effective relaxing values, which corre-
spond to the curve recorded at a constant loading rate
(modulus “forgets” the history; see Fig. 5). The small
irregularities in the relaxing modulus reproduce the
variation in the rate of change of pressure in the range
where relaxation takes place.

On pressure release, the glasses behave elastically
down to 4 GPa and the bulk modulus corresponds to
the relaxed values. The baric derivative of the relaxed
bulk modulus is dB/dP = 5.4 when pressure decreases.
The bulk moduli of the g-As2S3 glasses during pressure
release are close to the corresponding moduli after iso-
baric relaxation when pressure increases (see Fig. 5),
which points to the same short-range structure of these
glasses when pressure increases or decreases. At lower
pressures, the effective bulk modulus decreases more
rapidly, which is associated with relaxation during the
reverse transformation, and this transformation is not
completed down to atmospheric pressure.

At pressures above 2 GPa, a noticeable time depen-
dence of the g-As2S3 glass volume takes place at a fixed
D THEORETICAL PHYSICS  Vol. 130  No. 4  2020
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Fig. 6. (Color online) Relaxation of the As2S3 glass volume
at a fixed pressure. The digits at the curves correspond to the
exposure pressure in GPa and to the slope of the linear part
of the curves. During holding at the maximum pressure, the
pressure drifted slowly, and the relaxation dependences were
obtained by projecting the experimental V(P, t) data onto
vertical P = const along the relaxed dV/dP slope. The pres-
sure was maintained accurate to 20–30 bar on holding at
intermediate pressures. (inset) Pressure dependence of the
steady relaxation rate determined as –d(V/V0)/d(logt) in the
linear segment of the time dependences. 
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Fig. 7. (Color online) Initial (on the left) and pressure-
treated (on the right) g-As2S3 glass samples. Large work-
pieces several millimeters in size are at the top, and small
fragments 0.1–0.3 mm in size are at the bottom.
pressure (relaxation), and the change in the volume at
long times is proportional to the logarithm of time
(Fig. 6). The deviation from the logarithmic depen-
dence at the initial segment is related to a finite rate of
increase of pressure in the experiment: the processes
with a relaxation time shorter than 100–300 s are
partly or completely completed when pressure
increases before holding. The relaxation rate is maxi-
mal at 3.5–4.5 GPa (see inset to Fig. 6). The absolute
values of the maximum relaxation intensity are close
to the corresponding maximum values of the g-As2Te3
glasses and the g-GeSe2 glasses, where the type of
connection of structural tetrahedra changes from
edge-sharing to corner-sharing tetrahedra and the
network is easily compressed in a narrow pressure
range [23, 24]. The intense relaxation processes that
occur in the g-As2S3 glasses at a pressure of 3.5–
4.5 GPa are likely to be related to the change in the
type of connection of pyramids from edge-sharing to
corner-sharing pyramids and to a simultaneous
increase in the number of “wrong” neighbors. Simi-
larly to the g-As2Te3 glasses, the relaxation processes
in the g-As2S3 glasses and the decrease in the effective
bulk modulus begin almost simultaneously at pres-
sures above 1.5 GPa.

After pressure release, the g-As2S3 glasses have a
residual densification of 3% and their optical properties
differ substantially from the initial ones (see Fig. 7 and
the text below).
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
Long-term holding at normal pressure is accompa-
nied by logarithmic volume relaxation and the recov-
ery of the density (see Fig. 8). It is interesting that log-
arithmic density relaxation is observed over a wide
time range with a possible tendency toward saturation
at times longer than 107 s.

As is seen in Fig. 7, the sample after pressure
release is characterized by significant darkening, i.e., a
shift of the fundamental absorption edge toward the
IR region. This shift is about 100 nm (about 0.34 eV),
as follows from the absorption spectra presented in
Fig. 9.

The shift of the absorption edge is accompanied by
a change in the short-range structure of the glass. Fig-
ure 10 shows the Raman spectra of the initial glass
sample before pressure and after pressure release (for
correct comparison of the spectra, we subtracted the
baseline and performed normalization by the main
peak at 340 cm–1). The numbering of the curves corre-
sponds to the numbering in Fig. 9.

As compared to the initial sample, the glass after
pressure release has a wide main peak at 340 cm–1,
which is mainly caused by the totally symmetrical
vibrations of the pyramidal structure of the As–S3/2
structural unit [30] and a high intensity in the region of
vibrations of the nonstoichiometric bonds As–As
(235 cm–1 [31]) and S–S (490 cm–1 [31]). The high
content of the homopolar bonds in the sample after
YSICS  Vol. 130  No. 4  2020
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Fig. 8. (Color online) Relaxation of the g-As2S3 glass sam-
ple volume after pressure release. Error for two selected
points 0.3% error bar corresponds to the possible system-
atic measurement error. 
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Fig. 9. (Color online) Absorption spectra of g-As2S3:
(1) after pressure release; (2–7) room-temperature storage
for 3, 7, 14, 25, 35, and 63 days, respectively, after pressure
release; (8–11) room-temperature storage for 103 days fol-
lowed by holding at T = 140°C for 1, 2, 5, and 10 h, respec-
tively; and (12) initial sample. 

12

11

6
7

10
9

8

5 4 3 2 1

560 580 600 620 640 660 680 700
λ, nm

2.0

3.0

2.5

3.5

O
pt

ic
al

 d
en

si
ty

Fig. 10. (Color online) Raman spectra of g-As2S3: (1) after
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pressure points to the disproportionation of the As2S3
compound in the glassy state at a pressure of 8.6 GPa.
The disproportionation is facilitated by the closeness
of the heteropolar bond energy and the averaged
homopolar bond energy. The As–As and S–S bond
energies are 146 and 226 kJ/mol, respectively [32];
therefore, the energy of the averaged homopolar bond
is 186 kJ/mol. The As–S bond energy is estimated by
the Pauling relation [33]

where E is the bond energy and X is the electronegativ-
ity of atoms (2.18 for As and 2.58 for S). Thus, for the
As–S bond, we obtain 197 kJ/mol, which is close to
the averaged homopolar bond energy given above.

The storage of a sample at room temperature after
pressure release leads to a gradual shift in the funda-
mental absorption edge toward the short-wavelength
region of the spectrum. This relaxation process ends in
a month (see Fig. 9), and the Raman spectrum does
not undergo significant changes (see Fig. 10). When
considering the fundamental absorption edge as a
relaxing property, we have [34]

where y(0), y(t), and y(∞) are the fundamental
absorption edges at the initial time (sample after pres-
sure release), at time t, and when relaxation reaches
saturation (storage at room temperature for 63 days),
respectively; τ is the relaxation time; and β is the Kohl-
rausch factor, which takes into account the existence
of a relaxation time spectrum (0 ≤ β ≤ 1). The calcu-
lated values are τ = 7 days and β = 0.76. Thus, we have
a slow process with a wide relaxation time distribution,

− − −= + −1/2 2( ) 96( ) ,A B A A B B A BE E E X X

β− ∞ − ∞ = − τ( ( ) ( ))/( (0) ( )) exp( ( / ) ),y t y y y t
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which does not include the chemical nature of the
glass.

As a result, we have glass with time-stable proper-
ties, and the optical properties differ substantially from
those of the initial g-As2S3 (before pressure treat-
ment). The absorption edge shifts toward the long-
wavelength region of the spectrum by 60 nm, and the
refractive index is 2.57 at a wavelength of 1.2 μm,
which is much higher than that of the initial glass
(2.33). The structure of the glass is characterized by a
large number of nonstoichiometric bonds. All these
D THEORETICAL PHYSICS  Vol. 130  No. 4  2020
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changes point to the photostructural transformations
(maximum changes are ΔE = 0.1–0.3 eV, Dn = 0.1–
0.3) in chalcogenide glasses, mainly in g-As2S3. The
light-induced darkening is removed by annealing at
near-softening temperatures. For g-As2S3, Tg is 170–
190°C [35]. To trace the recovery of the glass into the
initial state, we chose the annealing temperature that
corresponds to the beginning of structural relaxation
upon heating of quenched g-As2S3, which was dilato-
metrically determined (140°C). The sample became
much more transparent after annealing for 1 h (see
Fig. 1). The refractive index decreased to 2.40 after
annealing for 2 h. The excess intensity (as compared to
initial sample) of the peak corresponding to the S–S
bonds in Raman spectra disappeared, and the inten-
sity of the peak corresponding to the As–As bonds
decreased sharply after annealing for 5 h (Fig. 10).

Thus, the main relaxation and inelastic densifica-
tion effects during compression of the g-As2S3 glass are
related to the growth of the chemical disorder without
increasing the coordination number. This conclusion
supports the assumption about nanoseparation in the
melt at high pressures [20] and agrees well with the
data obtained for the decomposition of the supercriti-
cal modification at high pressures and temperatures
(As2S3 = AsS2 + AsS [12]). The coordination number
is thought to increase substantially at higher pressures
(12–15 GPa), according to the EXAFS data [16].
Recall that the number of wrong bonds in the g-As2Te3
glasses, where the initial chemical disorder is very sig-
nificant, decreases during compression [9, 25]. There-
fore, the chemical disorder in the chalcogenide glasses
at high pressures is determined by the compression-
induced changes in their thermodynamic and kinetic
parameters rather than by the ionicity.

Although photostructural transformations have
recently been discovered, they are now widely used
due to the possibility of controlling the transmission
region and the refractive index of an IR optics material
[36]. This finding is especially important because of
the rapid development of fiber IR optics. Therefore,
the effect revealed in this work has good practical
application prospects.

CONCLUSIONS
The high-precision measurements of the g-As2S3

glass volume under hydrostatic pressure conditions
allowed us to reveal the main features of the transition
in the g-As2S3 glasses. The following pressure ranges
were marked: up to 1.5 GPa, “normal” elastic behav-
ior; from 1.5 to 3 GPa, beginning of inelastic behavior;
from 3 to 5 GPa, polyamorphic transformation
accompanied by an effective bulk modulus plateau and
intense logarithmic density relaxation; and 5–
8.6 GPa, inelastic behavior with moderate relaxation.
The smooth transformation in these glasses is likely to
be related to a strong increase in the chemical disorder
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
and is only partly reversible. The optical properties of
the initial glasses and the pressure-compacted glasses
are strongly different, which is mainly associated with
the chemical disorder. The effect detected in this work
has prospects of practical application.
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