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ABSTRACT: A small difference in energy between homopolar and
heteropolar bonds and the glass-forming ability of pure chalcogens leads to
unexpected trends in densification mechanisms of glassy chalcogenides
compared to vitreous oxides. Using high-precision compressibility measure-
ments and in situ high-energy X-ray diffraction up to 14.7 GPa, we show a
new densification route in a canonical glass As,S;. After the first reversible
elastic step with a maximum pressure of 1.3 GPa, characterized by a strong
reduction of voids and cavities, a significant bonding or chemical disorder is
developed under higher pressure, reaching a saturation of 30% in the
population of As—As bonds above 8—9 GPa. The pressure-driven chemical
disorder is accompanied by a remarkable structural relaxation and a strongly
diminished optical gap and determines structural, vibrational, and optical

Ambient _ 14.7 GPa

properties under and after cold compression. The decompressed recovered glass conserves a dark color and exhibits two
relaxation processes: (a) fast (a few days) and (b) slow (months/years at room temperature). The enhanced refractive index of
the recovered glass is promising for optical applications with improved functionalities. A nearly permanent red shift in optical

absorption after decompression can be used in high-impact-force optical sensors.

1. INTRODUCTION

Recent development of high-pressure techniques”” implies the
active use of pressure as the fundamental thermodynamic
variable for innovative materials design. Superconductors with
the critical temperature above the boiling point of water,” alkali
metals becoming transparent dense 1nsulat0rs,45 or carbon
dioxide transforming into a silica-like glass® are only a few
examples resulting from the emerging pressure-driven tech-
nologies providing novel or significantly improved functional
materials. High-pressure studies of oxide and chalcogenide
glassy systems are mostly focused on fundamental aspects of the
density-driven phenomena; however, the postdensification
effects open up practical applications in different fields.
Basically, oxide and chalcogenide glasses show remarkable
similarities and differences in densification mechanisms. A
common feature consists in the coordination change with
increasing pressure. Both tetrahedral GeX, and trigonal As,X;
vitreous alloys, where X = O, S, or Se, exhibit a gradual increase
of the local coordination above 6—15 GPa and a semi-
conductor—metal transition.” "' Nevertheless, the topological
and chemical changes appear to be significantly different. Glassy
g-GeO, is composed of corner-sharing CS-GeO, tetrahedra,'>"”

v ACS Publications  © XxxX American Chemical Society

while the network of its sulfide and selenide counterparts is built-
up by both CS-GeX, and edge-sharing ES-GeX, units.'*~"”
Consequently, the ES—CS conversion'* " with increasing
pressure is simply missing in vitreous germania.

The main difference between oxide and chalcogenide glasses
is related to interatomic bonding disorder also called chemical
disorder in chalcogenide systems. In molecular cages, for
example, As,S,, the existence of As—As bonding has been
described and discussed for decades.”"”** It was also found that
stoichiometrlc As,S; on heating yields homopolar As—As and
S—Sbonds,* and in the ASZS3 vapor phase, a significant fraction
of As,S, cages was detected.”*~*° Consequently, similar bonding
disorder can be expected under high pressure in glassy As,S;,
changing structural, vibrational, and optical glass properties. In
addition, pure chalcogens are excellent (Se) or poor (S and Te)
glass-formers inferring the nonstoichiometric compositions or
the stoichiometric alloys with a significant chemical disorder are
still vitreous.
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Both oxide and chalcogenide glasses synthesized and
quenched from high-pressure/high-temperature conditions
usually keep their unusual chemical, structural, optical, and
electronic properties for a long time.”’ ' Moreover, even the
cold compression generates postdensification effects: residual
enhanced number density and refractive index, higher or lower
electrical conductivity, red shift in optical absorption, and so
forth.”>*° The long-term or permanent postdensification
effects are highly promising for advanced materials design but
have been studied occasionally.

The primary goal of the present paper is to study a canonical
chalcogenide glass As,S; using high-precision compressibility
measurements up to 8.6 GPa associated with the structural
relaxation, in situ high-energy X-ray diffraction experiments up
to 14.7 GPa, and postdensification effects using optical
absorption and Raman spectroscopy measurements for over
nearly 4 months. The role of the expected bonding disorder on
the volume relaxation and optical properties will be carefully
checked as the main focus of this report. We will show that
pressure-driven chemical disorder is the main feature of glassy
arsenic sulfide over the studied P-range and determines
structural, vibrational, and optical properties under and after
cold compression. The recovered samples with modified optical
and structural properties exhibit two relaxation processes: (a)
fast (a few days) and (b) slow (months/years at room
temperature). A nearly permanent red shift in optical absorption
and an enhanced refractive index can be used for improved
optical materials design or for high-impact-force optical sensors.

2. EXPERIMENTAL SECTION

2.1. Glass Preparation. Glassy arsenic sulfide was
synthesized from elemental arsenic (Cerac, 99.9999%) and
sulfur (Acros Organics, 99.999%). The high vapor pressure
oxide contaminants in elemental arsenic were removed by
evaporation at 600 K in vacuum. Sulfur pellets were heated to
380 K under vacuum and then sealed and distilled at 700 K. The
synthesis was carried out in evacuated silica tubes at 1050 K
using a rocking furnace before quenching the melt in cold water.
Further details are reported elsewhere.’

2.2. Compressibility Measurements. Samples for com-
pressibility measurements were of rectangular shape with
smoothed edges 3.0 X 2.0 X 1.7 mm®, Figure S1 (Supporting
Information). The high-pressure experiments have been carried
out in a toroid type device.** The sample volume was measured
under hydrostatic conditions using a methanol—ethanol (4:1)
mixture by the strain gauge method.”” The absolute accuracy of
the volume measurements was 0.2%, and the measurement
sensitivity was 1073%. A short measurement time (0.2 s) of a
single data point allows following the time-dependent volume
changes over a wide range between 10 and 107 s. Further details
of high-precision compressibility experiments were published
earlier.””*™*

2.3. High-Energy X-ray Diffraction Measurements. In
situ high-pressure X-ray diffraction experiments have been
carried out using a cylindrical type diamond anvil cell (DAC).*
A piece of As,S; glass was packed along with a few pieces of ruby
smaller than 1 ym in a 210 ym diameter hole electroeroded in a
rhenium gasket by using an electric discharge machine
(Hylozoic Products) without a pressure transmitting medium.
The pressure was determined by using the ruby fluorescence
technique."* High-energy X-ray diffraction experiments were
conducted at the 6-ID-D beamline®” of the Advanced Photon
Source (Argonne National Laboratory) using a 40 X 40 pm*

beam. The X-ray energy was 100.357 keV, providing data at Q
values up to 16 A™", limited by the angular DAC opening and
diamond thickness (downstream diamond of 1.8 mm and
upstream diamond of 2.4 mm). A 2D setup was used for data
collection with a PerkinElmer model 1621 X-ray area detector.
The two-dimensional diffraction patterns were reduced using
Fit2D*® software. The measured average background intensity
from the empty DAC was subtracted, and corrections were made
for the different detector geometries and efficiencies, sample
self-attenuation, and Compton scattering using standard
procedures,”” providing the X-ray structure factor Sy(Q).
Additional experimental details can be found elsewhere.”'”**

2.4. Raman Spectroscopy Measurements. Raman
spectra were collected at room temperature in a back scattering
geometry using a Senterra Raman spectrometer (Bruker)
equipped with a microscope. The spectra were excited by a
785 nm solid state laser and recorded in the 75—1500 cm™
spectral range (reliable data are above 100 cm™'). The laser
power was reduced to 1 mW to avoid heating, crystallization, or
any laser-induced phenomena of the glassy samples.

2.5. Optical Absorption and Refractive Index Measure-
ments. The optical absorption spectra were measured using a
UV-3600 Shimadzu spectrophotometer. The refractive index n
was determined using a nonimmersive method,*® measuring the
displacement of the focal plane of the lens with an inserted flat
sample: n = (1 — Ar/d)™", where d is the sample thickness and
Ar is the distance between the object point and its image point.
The refractive index was measured at the wavelength of 1.2 ym
using an infrared (IR)-microscope.

3. RESULTS AND DISCUSSION

3.1. Compressibility. The glass volume changes as a
function of pressure, AV/V,(P), for three separate experiments
are shown in Figure 1a. The volumetric studies have been carried
out continuously with a rate dP/dt = 0.07—0.12 GPa min~' on
compression and 0.03—0.05 GPa min™" on decompression. The
binning step in Figure la is 0.025 GPa, which allows a
continuous compressibility function to be drawn without any
interpolation. The glass compressibility cannot be approximated
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Figure 1. High-precision compressibility measurements of glassy As,S;.
(a) Glass volume changes AV/Vj for three separate experiments are
color-coded in dark green, blue, and red. The filled circles, squares, or
triangles correspond to compression, the open symbols to decom-
pression. The inset in (a) shows isobaric volume relaxation at 6.8 GPa.
The pressure points for relaxation measurements are indicated by light
green arrows. (b) Apparent bulk moduli B = —V dP/dV obtained by
direct differentiation on compression (filled symbols) or decom-
pression (open symbols). The light green arrows reveal isobaric
relaxation measurements. The dashed line shows deviations from
linearity for B(P) on decompression.
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by a single equation of state. The maximum pressure for elastic
behavior appears to be 1.3 + 0.2 GPa. The glass volume
decreases to AV/Vy, = —263 + 0.3% at 8.6 GPa. The
compression and decompression curves show a distinct
hysteresis. The residual densification for g-As,S;, +3.0 & 0.3%,
is by a factor of 2—2.5 smaller compared to glassy germanium
dichalcogenides:*' GeS, (+7.5 + 0.5%) and GeSe, (+6.5 +
0.5%). Nevertheless, g-As,Tes, +2.0 + 0.3%,”* or vitreous Se,
+1.0 + 0.3%,* exhibit inferior residual compression. The
volume of the densified glass relaxes to the initial value in several
months. The glass color after decompression has changed from
bright red to dark brown or violet and remains intact
independently on density changes.

The compressibility curves for three g-As,S; samples are
nearly identical and coincide within 0.1%. One of the samples
was used for relaxation measurements at several fixed pressure
points; see the inset in Figure la. On further pressure increase,
the compressibility curve after isobaric volume relaxation
merges asymptotically with those without isobaric stops.

The high sensitivity of the strain gauge method™ allows
effective bulk moduli of glasses to be obtained by direct
differentiation of the compressibility data, Figure 1b. The initial
bulk modulus B, = 13.5 = 0.15 GPa at ambient pressure
increases linearly up to elastic limit at 1.3 + 0.2 GPa, and the
pressure derivative appears to be dB/dP = 6.2 + 0.2. The derived
By is markedly higher than that obtained from ultrasonic
measurements’ (12.9 GPa) but slightly lower than B,
calculated using the Young modulus®® (13.7 GPa). The bulk
modulus of g-As,S; follows the general trend for arsenic
chalcogenides: g-As,Se; (14.5 GPa)’' and g-As,Te; (15.8
GPa).”” The relaxation processes start above ~1.3 GPa,
characterized by a pressure derivative dB/dP = 0 between 2.5
< P < 4.0 GPa, followed by a complex competition between
elastic and relaxation processes (see refs’>**** for more detailed
description).

The isobaric volume relaxation at several pressure points is
shown in Figure 2. Glassy arsenic sulfide exhibits a logarithmic
time kinetics similar to that observed in different chalcogenide
glass systems.”>*""** The steady-state relaxation rate, defined as
—d(V/V,)/d(log t) for the linear part of isobaric time
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Figure 2. Isobaric volume relaxation in glassy As,S;. Numbers indicate
the pressure points for isobaric measurements in GPa. Inset shows the
steady-state relaxation rate as a function of pressure derived as —d(V/
V,)/d(log t) for the linear part of isobaric time dependences. Data for a
designated sample for relaxation measurements are color-coded in
different shades of green. Results for two other g-As,S; samples, relaxed
at the maximum pressure, are highlighted in red and blue. Solid line in
the inset corresponds to a least-square fit of the experimental data
points by an asymmetric double sigmoidal function.

dependences, reveals an asymmetric maximum centered
between 4 and S GPa, see the inset in Figure 2. The relaxation
rate decreases at higher P and presumably becomes negligible in
the vicinity of 15 GPa.

Further compressibility results will be discussed elsewhere.
Here, we define two characteristic regimes: (1) a fully reversible
elastic behavior below 1.3 + 0.2 GPa and (2) a logarithmic glass
volume relaxation at 1.3 < P < 8.6 GPa with a maximum in the
relaxation rate between 4 and 5 GPa and a long decreasing tail
toward higher pressures.

The experimental results for two measurement series without
isobaric relaxation stops were used for compressibility
extrapolation up to 15 GPa, Figure S2 (Supporting Informa-
tion). A Murnaghan-type®” fitting with free V, of the
experimental data points between 5.0 and 8.5 GPa was carried
out, and the volume changes AV/V,, were calculated above 8.5
GPa using the derived fitting parameters. The experimental P-
region for fitting was chosen taking into account an approximate
linear increase of the bulk modulus as a function of P, Figure 1b.

3.2. Diffraction: Q-Space. The average X-ray structure
factor Sx(Q) for As,S; is defined as

4, 2 (Q)Sa(Q) + 12, (Q)f, (Q)Sus(Q) + 97 (Q)Ss5(Q)
[2f,,(Q) + 3£, (Q)P
= Waad Q1 Q) + WRs(Q)S4s(Q) + Wis(Q)Ss6(Q) (1)

SX(Q) =

where Sij(Q_) are the Faber—Ziman partial structure factors and
£{Q) is the atomic scattering factor of element i, which is Q-
dependent. The derived structure factor for glassy As,S; at
ambient pressure in the DAC is shown in Figure S3 (Supporting
Information) in comparison with Sy(Q) obtained in a usual
high-energy X-ray diffraction experiment. The two structure
factors are identical except high-Q noise in the DAC
measurement, confirming the reliable data reduction procedure
applied to the DAC data.

The observed changes in the X-ray structure factor Sx(Q),
Figure 3a, are typical for in situ high-pressure diffraction
measurements in glasses.””* > The first sharp diffraction peak
(FSDP) at Q, ~ 1.25 A™' shifts to higher Q and nearly
disappears. The principal peak PP1 in the Sy(Q) at Q, ~ 2.4 A™
increases in amplitude, while all other peaks decrease; and PP1
becomes the most intense feature in Q-space above 6—7 GPa.
Consequently, the second principal peak PP2 at Q, ~ 3.9 A" is
losing its dominance at low P with increasing pressure. At Q 7
A™!, the peaks are shifting to higher Q, while the high-Q
oscillations remain invariant. Finally, we note a clear shoulder
emerging at ~5.4 A™' above 9 GPa and an additional low-Q
feature overlapping with the weak FSDP at high P, Figure 3c.
The vitreous sample recovered from 11.9 GPa and measured
immediately after decompression is rather similar to the ambient
pressure glass, Figure 3b. We note, however, slightly decreased
FSDP amplitude is consistent with the residual glass
densification, +3.0 + 0.3%, Figure la.

A Voigt function was used to approximate the background
underneath the FSDP and an additional low-Q feature at high
p,>7s¢ Figure 4b, allowing its subtraction and analysis. The
isolated features are shown in Figure 4a; the derived parameters
(positions and amplitudes) are summarized in Figure S. The
FSDP reflects intermediate-range ordering”” >’ in the arsenic
sulfide glass network, mostly related to As—As periodicity,*’
Lpsas & 27t/ Q. The FSDP é)ositions and amplitudes are similar
to early diffraction studies,”"*> although the counting statistics
in the latter case was insufficient.
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Figure 3. X-ray diffraction data in Q-space for glassy As,S;: (a) typical Sx(Q) structure factors for in situ measurements at selected pressures;
comparison of the Sx(Q) for g-As,S; at ambient pressure and (b) the glass sample recovered from 11.9 GPa or (c) glassy As,S; at the maximum
pressure of 14.7 GPa. The FSDP location at Q, and the two principle peak positions at Q,; and Q, are indicated in (c).
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Figure 4. FSDP in glassy As,S5: (a) isolated FSDPs as a function of the
applied pressure plotted together with the additional low-Q feature
emerging at ~2 A™' above ~8 GPa and (b) typical procedure of
extracting the FSDP at Q, and additional feature at Q,.

Analysis of the FSDP data allows suggesting three different
densification regions:

(1) From ambient pressure up to ~1.3 GPa,
(2) Between ~1.3 and ~8 GPa,
(3) Above ~8 GPa.

3.2.1. Region 1. The FSDP position Q,(P) at P < 1.3 GPa
roughly follows the compressibility, Figure Sa, that is, the
Wigner-Seitz As—As separation,

rws(P) = 3\/(3/471)Vm(P)ac_lNA_l, recalculated to Qg (P),
where V(P) is the glass molar volume depending on
compressibility, x = 0.4 is the arsenic fraction, and N, is the
Avogadro constant. The solid blue line in Figure 5a shows the
expected behavior. The Q, pressure derivative in region 1, dQy/
dP = 0.038 + 0.005 A™' GPa™", is significantly higher than that
above 1.3 GPa, 0.023 A™! GPa™! < dQ,/dP < 0.005 A~ GPa™".
In addition, the decrease of the FSDP amplitude, 21/3 of A, at
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Figure S. FSDP parameters as a function of the applied pressure,
showing three characteristic trends in (a) FSDP position Q, and (b)
FSDP amplitude A,. Amplitude of additional low-Q feature A, emerging
above ~8 GPa is also shown in (b), highlighted in magenta.

ambient pressure, is also much steeper than in regions 2 and 3.
The reversible elastic behavior observed in high-precision
compressibility measurements below 1.3 GPa correlates with
region 1.

3.2.2. Regions 2 and 3. Above 1.3 GPa, the FSDP position
stops to follow the compressibility and reveals a smooth gradual
increase markedly lower than the Wigner—Seitz Qu.5,(P). A
smooth decreasing trend is also observed for the FSDP
amplitude Ay(P), loosing additional 50% of the initial A,(0) at
8—9 GPa. Further changes in A,(P) are negligible. The
subdivision of the remaining pressure range into region 2 (1.3
GPa S P <8 GPa) and region 3 (P 2 8 GPa) is associated with a
low-Q feature emerging above 8 GPa and growing with
increasing P at Q, ~ 2 A™!, Figures 4 and 5b. At the maximum
available pressure, P, = 14.7 GPa, the Ay(P,,,) and A (P,...)
amplitudes are comparable. A similar 2 A~ feature was reported
in early high pressure diffraction works on g-GeS, and g-As,S;
and attributed to the layered structure collapsing under
hydrostatic compression.*
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Figure 6. X-ray diffraction data in r-space for glassy As,Ss: (a) typical Tx(r) total correlation functions for in situ measurements at selected pressures;
comparison of the Tx(r) for g-As,S; at ambient pressure and (b) glass sample recovered from 11.9 GPa or (c) glassy As,S; at the maximum pressure of

14.7 GPa.

The origin of the Q, feature is not clear. Nevertheless, we note
that the only peak in the structure factor increasing with pressure
is the PP1. Consequently, we assume the appearance of a new
structural motif becoming visible in region 3 and characterized
by a PP1 at Q, ~ 2 A™". Figure S4 (Supporting Information)
compares the low-Q parts of the structure factors for glassy As,S;
at 14.7 GPa, amorphous arsenic at ambient pressure and 5 GPa,
and liquid sulfur below (125 °C) and above (185 °C) the A-
transition at T) = 160 °C. The PP1 of a-As at room temperature
changes between 2.3 and 2.4 A™' in accordance with the
published results for amorphous and liquid arsenic over a similar
pressure range.”>"° A possible effect of As-rich motifs is
therefore hardly to be observed because of the overlapping with
the strong PP1 of g-As,S;. In contrast, both the molecular and
polymeric liquid sulfur forms exhibit the PP1 at Q, = 1.7—1.8
A™" at ambient pressure, which is clearly outside the principal
peak of vitreous arsenic sulfide. The observed sulfur diffraction
patterns are consistent with the reported results.””** In addition,
the PP1 feature of amorphous and liquid sulfur shifts to higher Q
with increasing pressure: Q; ~ 2 A™' at 4.7 and 5.6 GPa®”’® and
Q, = 3 A™' at 90 GPa in a high-density amorphous sulfur
polymorph.”' Consequently, the low-Q feature at Q, &~ 2 A~
might be related to sulfur-rich structural motifs becoming visible
in region 3.

The observed changes in the position of the principal peak
PP1 (Q,) and the second principal peak PP2 (Q,) of g-As,S; are
very similar, Figure S5 (Supporting Information). In region 1,
the two peaks exhibit similar pressure derivatives, dQ,/dP =
dQ,/dP =~ 0.042 A~" GPa™', comparable with that for the ESDP.
At higher pressure, Q; and Q, are shifting to elevated Q almost
linearly, 0.014 + 0.003 A™' GPa™'. As mentioned above, the
A,(P) amplitude is dominant at low P but decreases with
pressure as all other features in the structure factor except A, (P),
Figure 3. These opposite trends in A;(P) and A,(P) are roughly
linear with a threshold pressure of ~6 GPa, when the PP1
becomes the most intense peak in the Sx(Q), Figure S5
(Supporting Information). These changes indicate an increas-
ingly dense network packing,”* related to a large contribution
from the concentration—concentration partial structure factor in
the Bhatia—Thornton formalism,”® and enhanced extended-
range order.”*

The obtained Sx(Q) structure factors and pressure depend-
ences of the FSDP, PP1, and PP2 parameters exhibit similar
trends compared to liquid As,S; studied between 2 and 7.8
GPa,” Figures SS—S7 (Supporting Information). Even a tiny Q,
feature, slightly shifted to 1.8—1.9 A™, appears to be visible. As
expected, liquid arsenic sulfide is characterized by a smaller
amplitude of the diffraction features in the Sx(Q). The thermal
expansion also shifts the Q; and Q, positions to lower values of
the scattering vector, —0.05 + 0.01 A~! However, the most
significant changes are observed for the FSDP parameters. The
Qo position of liquid As,S; at P 2 3 GPa is located above the
corresponding values for the solid glass, Figure S7a, despite the
difference in temperature between 500 and 800 K.”> The FSDP
amplitude A for the liquid at 7.8 GPa is comparable with that for
the glass at 14.7 GPa. In other words, the structural evolution in
liquid As,S; under high pressure is substantially accelerated vis-
a-vis glassy As,S;, helping the densification mechanisms in
arsenic sulfide to be identified and understood.

3.3. Diffraction: r-Space. The X-ray total correlation
functions Tx(r) were obtained through the usual Fourier
transform

2 QU
T,() = 4mpyr + = [ QIS(Q) = Usin(Q)M(Q)dr
TJo
)

where pj is the atomic number density, M(Q) is the Lorch”®
window function, and Q. is 16 A™". Figure 6 shows the derived
Tx(r) functions.

As expected, the Tx(r) at ambient pressure is very similar to
the reported results.”’~* The peak at 2.28 A corresponds to
As—S first neighbors. The second neighbor peak at ~3.5 A
consists of As—As, S—S, and As—S correlations. A broad
asymmetric feature at 5.3 A is a center—center distance between
AsS; pyramids in m-membered rings, 4 < m < 24,8182 forming
the intermediate range order in the glassy arsenic sulfide. The
most visible effect consists in asymmetric broadening of the 3.5
A peak filling the gap between the first and second neighbors.
The maximum of this peak shifts from 3.49 A at ambient
pressure to 3.38 A above 8.6 GPa, although at the highest
pressure (14.7 GPa), the second neighbor feature appears to be
highly asymmetric, Figure 6c. The first-neighbor peak also
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exhibits asymmetric broadening but mostly at the high-r side. In
addition, we note a monotonic shift of the center—center feature
from 5.3 to 5.0 A with increasing P.

Densified (+3%) g-As,S; recovered from 11.9 GPa shows a
characteristic evolution compared to the initial ambient pressure
glass: a discernible broadening of both the first and second
neighbor peaks, although the two Tx(r) are very similar, Figure
6b. The ATx(r) difference function, Figure S8 (Supporting
Information), reveals characteristic residual changes between
23 A $r <29 A, implying the enhanced chemical disorder on
decompression.

The apparent changes in the position and integrated intensity
of the first-neighbor peak in the radial distribution function,
Ny(r) = #Ty(r), until the first minimum at 2.63 + 0.01 A are
visualized in Figure S9 (Supporting Information). We note a
remarkable increase of the peak area above 2.7 GPa
simultaneously with a shift to higher interatomic distances.
Partly, the observed evolution is related to overlapping between
the first and second neighbors. The data analysis of insufficiently
resolved real-space functions requires a choice between two
possible scenarios: a local coordination increase and/or a
chemical disorder. The observed apparent changes can be
interpreted in either way. Nevertheless, in recent extended X-ray
absorption fine structure (EXAFS) measurements up to 60 GPa
at room temperature,m the increase of the As—S interatomic
distances was only observed above 15 GPa and discussed as a
change in the arsenic local coordination. In addition, ab initio
molecular dynamics® (AIMD) has revealed a significant rise in
the population of homopolar As—As bonds for g-As,S; having
density of 4.18 g cm™, N_,, = 0.7, compared to the ambient
pressure glass, Nj,_ 5, = 0.2. The above AIMD density
corresponds to hydrostatic pressure of 6.97 GPa according to
our high-precision compressibility measurements, Figure 1.
Finally, liquid As,S; above 6 GPa shows a minimum metallic
conductivity and the corresponding low viscosity.”> A slow
cooling from 5.5 to 6.0 GPa produces two nonstoichiometric
metastable hi§h-pressure phases: orthorhombic AsS (space
group Pbc2, #* and monoclinic AsS, (space group P2,).% These
two layered phases contain homopolar bonds, either As—As zig-
zag chains (AsS) or S—S dimers (AsS,). Consequently, we have
chosen the chemical disorder approach, 2As—S < As—As + S—
S, and further Tx(r) fitting was carried out using two constraints:

e the arsenic total coordination was assumed to be trigonal,
Nyo_g + Nag_as = 3 and

e sulfur is two-fold coordinated, Ng_,, + Ng_g = 2.

The increase of the first-neighbor peak and its shift to higher r
in this case is simply related to the X-ray weightings for T;(r)
partials, wx,x, > Wh.s, and longer As—As first-neighbor distances
in cr_?rstalline and amorphous sulfides, 2.43 A < 1y, 5, < 2.66
A_63,79,84,86-88

Typical fittings are shown in Figure 7, revealing three
contributions to the first-neighbor peak: S—S at 2.08 + 0.01
A, As—S at 2.27 + 0.01 A, and As—As at 2.45 + 0.01 A. In
addition, a clear shoulder at 2.8—2.9 A was observed above 4.7
GPa for the second neighbor asymmetric feature at 3.5 A. This
shoulder increases in intensity with P and seems to be related to
short second neighbor correlations resulting from the network
contraction. The fitting parameters for this contribution were set
to be free, limited from the low-r side by the constraints of the
2.28 A peak and by the shape of the main feature at ~3.5 A at
higher distances. The fitting parameters are collected in Figures
8 and 9.

Total Correlation Function T (r)

10.4 GPa

| ! |
2 3 4
r(A)

Figure 7. Typical Ty(r) fittings at (a) 4.6 and (b) 10.4 GPa; the
contributions from S—S (yellow) at 2.08 A, As—S (green) at 2.27 A, and
As—As (violet) at 2.45 A atomic pairs, and short second neighbor
correlations (pink) are color coded. Dotted line shows the limit of
residual longer correlations.
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Figure 8. Fitting results as a function of the applied pressure: (a) partial
coordination numbers for As—S (green), Ny,_g, and As—As (violet),
Ns—ay atomic pairs, (b) chemical disorder defined as N,_,/(Np,_as +
Nje_g)- Data for the sample recovered from 11.9 GPa are also shown.

Glassy As,S; at ambient pressure has negligible bonding or
chemical disorder defined as the fraction of As—As homopolar
bonds, y = JAS—AS/ (fas—as * fas=s) = Nas_as/ (Nas_as + Nag—g) =
0.01-0.03,"”"%* consistent with our diffraction, Raman and
AIMD results.””**”* The partial As—As coordination number
increases with pressure starting from 2.7 GPa and reaches a
maximum, Ny, ,, = 0.9 + 0.1, at the maximum pressure of 14.7
GPa, Figure 8a. The fitting results at 7 GPa are consistent with
the reported AIMD simulations.”” Consequently, the partial
As—S coordination decreases, and the chemical disorder y
exhibits a sigmoidal function shape with a saturation above 8—9
GPa (region 3), approaching y ~ 0.3. A broad maximum of the
dy/dP derivative is centered at 5.1 + 1.0 GPa. The sample
recovered from 11.9 GPa has a higher chemical disorder, 7 + 2%,
compared to the ambient pressure glass, Figure 8b.
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The As—S interatomic distance slightly decreases with
pressure, dry,_s/dP = —(1.2 + 0.4) X 107> A GPa™', consistent
with the reported EXAFS results at the As K-edge.'””” Possible
changes in the As—As and S—S first-neighbor separations are
hardly to be observed caused by the low amplitude of these
peaks. The most important distance contraction was observed
for short second neighbor correlations at 2.8—2.9 A, —(5.1 +
0.9) X 107* A GPa™, Figure 9a, accompanied by a significant
monotonic increase of the peak area, Figure 9b.

The derived pressure-driven chemical disorder in g-As,S;
above 8—9 GPa (y ~ 0.3) is comparable with that in glassy
As,Te; at ambient pressure.”””*™"" The two glasses also show
similar structure factors (Figure 10) when plotted using a
normalized Qr, scale,””' % where r, is the As—X bond length and
X = § or Te. Specifically, we note common trends for bimodal

g-As S,
14.7GPa

T
—
D
-

g-AszTas
- ambientP

Structure Factor S (Q)/S,(Q)

Figure 10. (a) X-ray structure factor of glassy As,S; at 14.7 GPa and (b)
X-ray (the solid line) and neutron (the dashed line) structure factors of
glassy As,Te; at ambient pressure.”” Sx(Q) and Sy(Q) are plotted as a
function of Qr;, where r, is the nearest-neighbor distance in vitreous
As,S; or As,Te;.

low-Q features in the X-ray structure factors, see Figure S10 and
related text in Supporting Information, confirming pressure-
driven bonding disorder in vitreous arsenic sulfide both in Q-
and r-space.

The origin of the observed bonding phenomenon resides in
similar energies of homopolar and heteropolar bonds in the
chalcogenide systems compared to their oxide analogues, Table
1: columns E,y and 1/2(E,, + Exx). This similarity produces a

Table 1. Homopolar and Heteropolar Bond Energies in
Germanium and Arsenic Oxides and Chalcogenides

EAA/X_XI " EAX_ 5 1/2(Ea +_Exx)
A-A/X-X  (KJ mol™!) A-X (K mol™) (kJ mol™")

Ge—Ge 188 Ge—-0O 360 165
As—As 146 Ge-S$ 237 207
0-0 142 Ge—Se 208 180
S-S 226 Ge—Te 155 157
Se—Se 172 As—O 296 144
Te—Te 126 As—S 197 186

As—Se 172 159

As—Te 136 136

“The homopolar bond energies were taken from the following
101,102 b :

sources. The heteropolar bond energies were calculated

according to Pauling.'®?

fAAfZ-\:fAX _ fxxf:Xfo' where fy, fxy and
fax are the fractions of homopolar and heteropolar bonds,
respectively. Previously, it was found that bonding or chemical
disorder y increases with the atomic number and temperature in
glassy chalcogenides, for example, y = 1—3% for As,S; at room
temperature but ~30% for As,Tes.”>*™"*?°™%" The current in
situ DAC diffraction measurements have revealed that the effect
of strong compression produces similar results in a particular
pressure range. This pressure-driven phenomenon seems to be
inherent to chalcogenide glasses. A significant difference
between heteropolar and homopolar bond energies in glass-
forming oxides, 0.46 < (Ex + Egp)/2Eao < 0.49, results in a
negligible chemical disorder even at high temperatures and
possibly at high pressures.

3.4. Densification Regimes. The first elastic densification
step (region 1, P < 1.3 GPa) is related to disappearance of voids
and cavities, present in a glassy arsenic sulfide network.”'**
Figure 11 shows the preliminary results of our AIMD study
related to cavity distributions in g-As,S; at ambient pressure and
1.3 GPa. The simulation details are given in Supporting
Information.

The volume of voids has diminished from 44.1% at ambient
pressure to 34.4% at 1.3 GPa, calculated in comparison with the
total volume of glass. More importantly, the cavities are
decreasing by a factor of 4 faster (—28%) than the corresponding
glass volume contraction at this pressure (—7.3%).

The densification processes above 1.3 GPa are more
complicated. We note at least three contributions: bonding/
chemical disorder, shift of the second neighbor peak at ~3.5 A
toward lower r, and emerging and growing short second
neighbors at 2.8—2.9 A. The chemical disorder y exhibits
saturation above 8—9 GPa, and a broad dy/dP derivative is
centered at &S5 GPa. This behavior is reminiscent of the
observed glass volume relaxation, the inset in Figure 2; however,
the driving force of y resides in interlayer contraction and
intralayer distortion. The interlayer contraction is well

chemical disorder, y =
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(a) Ambient P

(b) 1.3 GPa

Figure 11. AIMD simulation boxes for glassy As,S; at (a) ambient pressure and (b) 1.3 GPa revealing cavity distributions, calculated by the

105

pyMolDyn
case). Box sizes correspond to the experimental number density.

code, that is, applying Dirichlet—Voronoi constructions to determine cavities using the atomic positions and a cutoff radius (2.5 A in our

documented in high-pressure Raman studies'*® of orpiment,
monoclinic As,S; polymorph.'”” The intralayer distortion is
mostly related to a decrease of intrapyramidal As—S—As angles,
implying topological changes in ring distribution, that is, a larger
fraction of small rings and a gradual disappearance of big rings.
These phenomena explain asymmetric broadening of the 3.5 A
peak with increasing pressure. Similar angular and topological
changes are widely discussed in oxide glasses,””>>'%" confirmed
by numerical simulations.' >

The difference between oxide and chalcogenide systems starts
during the contraction and distortion steps taking the
monoclinic lattice of orpiment'®” for illustration. The shortest
S—S distances appear to be S(1)—S(1) interlayer contacts at
3.243 A, Figure S11b (Supporting Information). These
distances would be reduced on interlayer contraction, yielding
a possibility to transform distant neighbors into direct
homopolar S—S bonds. The shortest As—As separations appear
to be As(1)—As(2) second neighbor intralayer contacts at 3.191
A, Figure S11a. Folding the layer containing this 12-membered
ring would also reduce the As(1)—As(2) distances with a
possible transformation of the second neighbor contacts into
direct As—As bonds. The formation of As—As and S-S
homopolar bonds will be followed by transmutation of weaker
As—S heteropolar bonds into second neighbor contacts with a
subsequent structural relaxation of the local environment. The
observed logarithmic glass volume relaxation seems to reflect the
atomic movements related to switching of the chemical bonds.
The maxima of the relaxation rate (4—S GPa) and chemical
disorder (xS GPa) are very similar. A nearly constant y above
8—9 GPa is consistent with a long decreasing tail of the volume
relaxation. This schematic picture will be verified by ongoing
AIMD; however, the limiting value of bonding disorder, ~30%,
is nearly identical to the fraction of short intralayer As—As
contacts, 28.57%, Figure S12a (Supporting Information).

The remaining puzzle concerns short second neighbor
correlations at 2.8—2.9 A, Figure 7. The integrated area of this
peak exhibits a monotonic increase over the entire pressure
range, 2.7 GPa < P < 14.7 GPa, Figure 9b. Assuming the short
second neighbors to be As—S or As—As atomic pairs, the
limiting As—X partial coordination, where X = S and As, tends to
Ny,_x = 2 at the highest available pressure of 14.7 GPa. The
short second neighbors seem to reflect a 2D—3D trans-
formation, when interlayer van der Waals forces become

comparable with intralayer covalent interactions. This hypoth-
esis was widely discussed in high—pressure Raman and optical
studies of glassy ASZS3;61'109_11 however, the estimates of the
threshold pressure vary over a large range, from 2.5 to 9 GPa.

The monotonic increase of the short second neighbor partial
coordination N,, x suggests a gradual rather than critical
transition. In fact, this gradual transition might be a precursor of
the second neighbor collapse, implying a transformation into a
dense octahedral glass above 15 GPa. Three As—S second
neighbors between 3.2 and 3.7 A, Figure S12b (Supporting
Information), are realistic candidates to complete the trigonal
local coordination of arsenic to six (if y = 0). Otherwise,
hypothetical dense octahedral As,S; glass could also have a
chemical disorder.

3.5. Recovered Glasses. Raman spectra of the arsenic
sulfide glass sample, recovered from the 8.7 GPa, also suggest the
most probable scenario over the 1.3 S P < 15 GParange to be an
increase of the chemical disorder rather than increase of the local
coordination, Figure 12. The integrated area of the X235 cm™!
feature, corresponding to As—As stretching,gg_93 in the initial
ambient pressure glass is by a factor of 2.6 + 0.3 lower than that
in the recovered As,S; sample. Likewise, the S—S stretching
mode at 495 cm™" is also reduced by a factor of 1.7 + 0.2 in
glassy As,S; before compression. In addition, we note a distinct
red shift of the two vibration modes in the recovered sample, Aw
= —4 + 1 cm™'. The Raman data are coherent with the
diffraction results, Figure 8, revealing small but well-defined
increase in y after decompression, see also Figure S8
(Supporting Information).

Abroad unresolved spectral envelope in glassy As,S;, centered
at 7343 cm™ and corresponding to symmetric and asymmetric
As—S stretching, also exhibits a red shift and asymmetric low-w
broadening. The broadening range, 260 < @ < 340 cm™,
highlighted in Figure 12 in blue, is roughly consistent with low-
frequency As—S stretching spectral domains in metastable
layered AsS and AsS, compounds. The As—As zig-zag chain in
orthorhombic AsS,** see the inset in Figure 12a, shows a
bimodal As—As stretching at 227 and 247 cm™'. Sulfur-rich
monoclinic AsS,” reveals a bimodal S—$ stretching at 456 and
488 cm™!, corresponding to symmetric and asymmetric
vibrations in S—S dimers, the inset in Figure 12c. The recovered
glass contains some structural motifs present in metastable high-
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Figure 12. Raman spectra of (a) high-pressure layered orthorhombic
AsS,** (b) glassy As,S; before compression (blue) and recovered from
8.7 GPa (magenta), and (c) high-pressure layered monoclinic AsS,.®
Initial bright red glass and the recovered black vitreous sample are
shown in the insets (b). Structural motifs of the two metastable
nonstoichiometric compounds are shown in the inset (a) and (c),
revealing either As—As zig-zag chains or S—S dimers. As—As (x230
cm™) and S—S (~490 cm™") stretching modes in glasses and crystals
are highlighted in red and yellow, respectively. Asymmetric broadening
of the As—S stretching for the recovered glass over a frequency range
260 < w < 340 cm™ " is highlighted in blue.

pressure nonstoichiometric phases isolated from As,S; melt by
slow cooling at 5.5—6.0 GPa.

As expected, the recovered glass is black, see the inset in
Figure 12b. Both monoclinic orpiment As,S; and §1355Y arsenic
sulfide change the color on increasing pressure®”' 01713 from
bright red under ambient conditions to dark brown, violet, or
black at 8—10 GPa. The red shift of the absorption edge and a
decrease of the optical gap E, with increasing P were found to be
monotonic in glassy As,S; at room temperature from ambient
pressure up to ~44 GPa,''' except a kink at 5—10 GPa. Above
44 GPa, vitreous arsenic sulfide is believed to be a metal.

The densified sample stored at room temperature reveals a
blue shift of the modified P-dependent absorption edge;
however, a full recovery to the initial optical gap does not
happen, Figure 13. The fast recovery process with a time
constant g, & 7 days presumably stops after one month with a
limited blue shift AEg, & +0.12 eV. The remaining energy to the
full recovery, AEg; = +0.22 eV, appears to be nearly constant at
room temperature with a slow recovery rate in the order of
months/years. The fast process is not related to chemical
disorder. The integrated intensity of As—As and S—S stretching
modes remains intact at room temperature for at least 4 months,
Figure 13c. Consequently, the remaining AEg, is caused by
pressure-driven homopolar bonds frozen at room temperature.
The optical absorption evolves in the vicinity of glass transition
temperature T,. A sample annealing close to T, for 10 h is
sufficient for nearly full recovery, Figure 14a. The pressure-
driven chemical disorder mostly disappears, and glassy As,S;
becomes bright red again, see the inset in Figure 14c.

The refractive indices n in glasses under high pressure reveal a
substantial increase. In vitreous silica, the index of refraction
changes from n = 1.463 at ambient pressure to n = 1.924 at 57
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Figure 13. Postdensification effects in glassy As,S; recovered from 8.7
GPa. (a) Derived fast recovery of the optical absorption edge at the
wavelength 4, corresponding to a certain absorption level. (b)
Experimental optical absorption curves measured after indicated
recovery time at room temperature. The optical absorption of the
initial glass is also shown and the chosen absorption level for A,
determination. (c) As—As (230 cm™') and S—S (*490 cm™)
stretching in Raman spectra of glassy As,S; before and after
compression at 8.7 GPa. The solid orange line corresponds to the
initial glass; the dark and light green lines to the recovered sample after
17 h and 103 days at room temperature, respectively.
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Figure 14. Optical absorption and Raman spectra of the recovered from
8.7 GPa glassy As,S; sample after annealing near glass transition
temperature: (a) the optical absorption, (b) the As—As and S-S
stretching modes, and (c) the entire Raman spectra.

GPa.>® Permanently densified SiO, recovered from 16 GPa
exhibits An = +0.065 corresponding to the enhanced residual
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glass density (+19.5%). Glassy As,S; shows An = +0.6 at 1 = 855
nm between ambient pressure and 5 GPa.'"”

The recovered As,S; sample before annealing at T, had the
enhanced refractive index, An = +0.12, measured at 1.2 gm. The
density relaxation for the sample was already nearly completed,
and the glass has returned to the initial density state. The
residual red shift in optical absorption and superior refractive
index indicate, therefore, that pressure-related optical properties
are not fully correlated with density in chalcogenide glasses in a
drastic contrast to oxide systems. In other words, quasi-
permanent optical properties are retained by nonpermanently
densified glassy chalcogenides as a consequence of pressure-
driven chemical disorder.

The enhanced index of refraction is suitable for many optical
applications, decreasing the propagation losses and improving
the light guidance. Mid-IR chalcogenide glass materials,
including glassy As,S;, are widely applied in medical diagnostics,
chemical and biolo$ical sensing, laser power delivery and
defense applications''*~'"® and would largely benefit from
pressure-driven technologies.

Another promising application is related to a nearly
permanent red shift of the optical absorption edge with
increasing pressure at temperatures below T,. This phenomenon
can be used in high-impact-force optical sensors detecting high
speed impact events/projectiles with the average velocity in the
order of 100—1000 m s™' and generating the shock waves and
pressures of a few GPa.''” Widely used piezoelectric impact
sensors or force sensitive resistors implanted in sport and biking
helmets or applied to follow the post packages with fragile items
are limited to much lower pressures below 1—100 MPa range.

4. CONCLUSIONS

High-precision compressibility measurements up to 8.6 GPa and
in situ high-energy X-ray diffraction experiments up to 14.7 GPa
were used to study structural properties and densification
mechanisms in a canonical chalcogenide glass As,S;. The
recovered decompressed glasses were also studied using optical
absorption and Raman spectroscopy.

The first elastic densification step at P < 1.3 GPa is
characterized by a linear increase of the bulk modulus at
ambient pressure B, = 13.5 + 0.15 GPa with a pressure
derivative dB/dP = 6.2 + 0.2 and a fast disappearance of voids
and cavities in the glass structure.

Relaxation processes start above 1.3 GPa, and the glass
compressibility cannot be described by a single equation of state.
The volume relaxation rate exhibits an asymmetric maximum at
4—5 GPa and a long decreasing tail toward higher pressures.
Different structural, topological, and chemical changes were
identified between 1.3 and 14.7 GPa. An asymmetric broadening
and low-r shift of the second neighbor peak at ~3.5 A seems to
be related to a decrease of interpyramidal As—S—As bond
angles, implying changes in the ring statistics. A larger fraction of
small rings and disappearance of big rings is reflected by usual
changes of the FSDP, whose amplitude is monotonically
decreasing, and the FSDP position shifts to higher Q. The
emerging and growing short second neighbors at 2.8—2.9 A
suggest a gradual transformation of the 2D glass network into a
3D disordered matrix, when interlayer van der Waals forces
become comparable with intralayer covalent interactions. The
main difference compared to oxide vitreous systems appears to
be a pressure-driven chemical disorder increasing from 1—3% at
ambient pressure to ~30% above 8—9 GPa, defined as the

fraction of homopolar bonds, ¥ = fuys_as/ (fas—as + fas—s) = fs—s/

(fs—s + fs—as)- As a result, vitreous As,S; at 14.7 GPa is
reminiscent of glassy As,Te; at ambient pressure, confirmed by
X-ray structure factors plotted using scaled scattering vectors
Qry, where ry is the nearest neighbor distance in either glass. A
broad maximum dy/dP at %5 GPa and a saturation of y above
8—9 GPa implies the volume relaxation is related to atomic
movements following the chemical bond switching 2As—S 2
As—As + S—S and subsequent structural relaxation of the local
environment. The recovered glasses exhibit a significant red shift
of the absorption edge and a higher chemical disorder, 7 + 2%,
confirmed by diffraction and Raman spectroscopy measure-
ments. The residual glass densification (+3.0 + 0.3%) relaxes in
a few months, while the absorption edge shows two relaxation
processes: (a) fast, with a time constant of ~7 days and (b) slow
(months/years at room temperature). The density-driven
chemical disorder remains intact at room temperature for at
least 4 months. The observed bonding phenomenon is inherent
to chalcogenide glasses and drastically different for their oxide
counterparts.
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