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In pressure-induced reversible structural transitions, the term “reversible” refers to the recovery of the virgin
structure in a material upon complete decompression. Pressure-induced amorphous-to-crystalline transitions
have been claimed to be reversible, but evidence that amorphous material recovers its virgin amorphous structure
upon complete depressurization has been lacking. In amorphous As,Ses (a-As,Se;) chalcogenide, however, we
report a novel reversible amorphous-to-crystalline transition that provides compelling experimental evidence
that upon complete decompression, the recovered amorphous phase is structurally the same as that of the virgin
(as-cast) amorphous phase. Combining the experimental results with ab initio molecular dynamics simulations,
we elucidate that the amorphization is mediated by a surplus of total free energy in the high-pressure face-centered
cubic phase as compared to the virgin amorphous phase and that the structural recovery to the virgin amorphous
phase is a consequence of an enhancement in covalent bonding character over interlayer forces upon complete
decompression. Furthermore, we observed a two-dimensional to three-dimensional network transition under

compression and its reversibility upon decompression.

DOI: 10.1103/PhysRevB.94.195211

I. INTRODUCTION

Ever since it was claimed [1] that crystalline AIPOg4
exhibits a “reversible” crystalline-to-amorphous transition
under pressure, efforts have been dedicated [2-7] to the
challenge of studying pressure-induced reversible crystalline-
to-amorphous transitions. However, for amorphous materials,
little attention has been paid to elucidating and verifying the
converse phenomenon of reversible amorphous-to-crystalline
transitions under pressure. Most likely, the problem that
hinders scientists in verifying the reversible amorphous-to-
crystalline transition is lack of knowledge concerning the
exact atomic packing in amorphous materials before compres-
sion and after the compression-decompression cycle. To our
knowledge, Kalkan et al. [8] have made the only attempt to
hunt for structural reversibility by comparing the structure of
as-prepared amorphous GaSb (a-GaSb) and the amorphous
obtained after the specimen was fully released from the
high-pressure crystalline phase. However, a-GaSb was unable
to recover its virgin amorphous phase and was transformed
to a new amorphous phase (high-density amorphous phase)
upon complete decompression. Furthermore, pressure-induced
amorphous-to-crystalline transitions in a-Si [9], a-Ge,Sb, Tes
[10], and decompressed-amorphized GaSb and (GaSb)-Ge,
[11-16] had also been claimed to be reversible. But in these
papers, comparison between the as-prepared amorphous and
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the amorphous recovered from the high-pressure crystalline
phase has not been made. Keeping in mind the example of
a-GaSb [8] (which was transformed to a new amorphous
phase upon decompression) and the possibility of the occur-
rence of an amorphous-to-amorphous phase transition under
decompression [17,18], the recovered amorphous could be
structurally different from the as-prepared amorphous. In this
regard, without experimental evidence (i.e., without structural
comparison between the recovered amorphous and the as-
prepared amorphous), the claim for the reversible amorphous-
to-crystalline transition remains ambiguous and questionable.
One can only claim for the reversible amorphous-to-crystalline
transitions, provided the recovered amorphous has essentially
the same phase (same structure) as that of the virgin amor-
phous phase. Here, in a-As;Ses chalcogenide, employing
four pressure media in synchrotron-radiation x-ray diffrac-
tion (XRD) and Raman spectroscopy measurements, we
provide first unambiguous experimental evidence for the
novel pressure-induced reversible amorphous-to-crystalline
transition in which the virgin amorphous phase is recovered
upon complete decompression.

II. MATERIALS AND METHODS

A. Sample preparation

The residual oxygen content in arsenic and selenium
samples of 99.999% purity was reduced using the volatilization
technique. The vapor pressure of the oxides of these metals is
greater than that of the metals themselves; this is exploited
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to remove the oxide species. Selenium was heated at 250 °C
and arsenic was heated at 290 °C under vacuum for several
hours. After this treatment, the required amounts of As and Se
were sealed in a silica tube under vacuum. This mixture was
maintained at 650 °C for 12 h in a rocking furnace to ensure
good mixing and homogenization of the liquid. To condense
a maximum of vapor into the liquid, the temperature was
reduced to 500 °C for 1 h. Then the ampoules were quenched
in air and later annealed near the glass-transition temperature
of As;Ses (T, ~ 200°C) for 10 h to reduce the mechanical
stresses induced during cooling. The amorphous nature of
the As;Se; sample was confirmed by XRD and differential
scanning calorimetry.

B. In situ measurements at high pressure

Raman and synchrotron radiation XRD experiments were
performed in a Mao-Bell-type diamond anvil cell (DAC) with
a culet 300 pm in diameter. The sample chamber was a hole of
~100 pwm diameter drilled in a preindented T301 stainless steel
gasket. The specimen was loaded into the sample chamber,
along with ruby as a pressure standard for calibration. To
verify that the pressure-induced transitions are a function of
hydrostatic pressure alone, four pressure media (Ne, Ar, silicon
oil, and a 4:1 mixture of methanol to ethanol) were used
in more than 10 experimental runs reaching similar pressure
ranges.

Angle-dispersive XRD measurements were performed in
situ under high pressure at the beamline P02.2, PETRAIII,
Deutsches Elektronen-Synchrotron (DESY), Hamburg, Ger-
many, and at the beamline BL15U, Shanghai Synchrotron
Radiation Facility (SSRF), Shanghai, PR. China. For the
data presented here, the energy of the synchrotron radiation
was adjusted to 42.7 keV. Two-dimensional (2D) diffraction
patterns were collected using a PerkinElmer 1621 Scl-bonded
amorphous silicon 2D detector (2048 x 2048 pixels, 200 x200-
pm pixel size) mounted orthogonal to the direction of the
incident x-ray beam. A CeO; standard was used to measure the
sample-to-detector distance and the tilt of the detector relative
to the beam path. The sample was exposed to an x-ray beam
with a cross-section of 8 x 3 um? for 5 min. For each pressure
step, 30 scans were made on the sample, followed by the
same number of background correction scans, which were later
used for background subtraction. These background correction
scans were collected on the pressure medium, away from the
sample and pressure markers (ruby chips). The 2D patterns
were integrated into Q space using the software package
Fit2D [19].

Raman experiments were performed using a Renishaw
microscope at the International Centre of New-Structured
Materials, Zhejiang University, PR. China, using a laser of
wavelength of 785 nm. The laser power was set to 5 mW after
optimization to avoid heat- and photo-induced degradation
while still enabling the collection of high-quality Raman
spectra.

C. Molecular dynamics simulations

Ab initio molecular dynamics (AIMD) simulations were
performed using the Vienna Ab initio Simulation Package
(VASP) code [20] and the projector-augmented wave (PAW)
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method [21,22] with generalized gradient approximations.
A supercell containing 180 atoms (72 As and 108 Se)
was quenched from 2000 K to room temperature (RT) at
0.33 K/fs, and the Nose thermostat [23] was used to control
the temperature. The mass density was fixed at the measured
value for a-As;Se; (~4.31 g/cm3) [24], and the zero-pressure
density was obtained by relaxing the box. After quenching to
RT, the system was equilibrated for 4000 time steps (3 fs/step),
and pressure was applied by uniformly reducing the volume
of the box. This method of application of pressure mimics
experimental hydrostatic compression and has been previously
adopted in many AIMD studies on pressure-induced structural
changes. When comparing simulations with experimental
results, the spatiotemporal limitation of the AIMD simulations
must be taken into account. In the present paper, the small
size of the box (180 atoms) may cause statistical fluctuations
and lead to different structures. However, the general trend in
structural evolution can still be identified.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) shows XRD patterns of a-As,Ses in
0 space during compression and decompression, respectively.
Under ambient conditions, and persisting to some extent as the
pressure is increased, there is a prepeak in the XRD patterns

near Q = 1.3 A_l; this corresponds to a 2D layered structure
[25-29]. As the pressure is increased, the prepeak shifts
to higher Q values and loses intensity, finally disappearing
~13.5 GPa [Fig. 1(a)]. The loss of this peak reflects the
destruction of the intermediate range order (IRO) associated
with the layered structure and marks the completion of the
transition from a two-dimensional (2D) to a three-dimensional
(3D) amorphous network. The progress of this transition and
the pressures over which it occurs are consistent with the in-
frared (IR) spectroscopy measurements of Struzhkin et al. [30].
At ~40.5 GPa, the specimen crystallizes into a face-centered
cubic (fce) structure with a cell parameter of ~9.8 A, and this
crystalline phase remains stable up to 53.5 GPa, the highest
pressure achieved during the synchrotron-radiation XRD mea-
surements. Upon decompression, the high-pressure crystalline
phase remains stable down to ~34.3 GPa, below which this
phase reverts gradually to the amorphous phase. The transition
back to the amorphous phase is completed, within experimen-
tal uncertainty, when the pressure reaches 0.1 GPa [Fig. 1(b)].

Figures 2(a) and 2(b) shows the high-pressure behavior
of a-As;Se; observed with Raman spectroscopy. At ambient
pressure, the Raman spectrum of a-As,;Se; consists of a
main asymmetric envelope ~225cm™!, corresponding to the
interlayer vibrations of pyramidal AsSes units (which are the
basic building blocks of the layered structure in a-As;Ses),
and a faint broad peak ~460cm~!, corresponding to As-Se
vibrations [31]. When the pressure is increased, the intensity of
the main envelope decreases and it shifts to higher frequencies.
Finally, the main envelope vanishes ~14 GPa, suggesting
completion of the 2D-to-3D network transition. As the layers
are forced closer, the AsSe; pyramidal units are distorted
(i.e., the As-Se-As bond angle is changed). As a result, the
band representing the vibrations of AsSe; pyramidal units is
broadened and reduced in intensity. This behavior is in good
agreement with the XRD results in Fig. 1(a) and explains the
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FIG. 1. Insituhigh-pressure XRD patterns of a-As,Se; at RT in a DAC. (a) Integrated XRD patterns at selected pressures during compression
up to 53.5 GPa; the main diffraction peaks of the fcc phase are indexed. (b) Integrated XRD patterns at selected pressures during decompression
from 53.5 to 0.1 GPa. Ne was used as pressure-transmitting medium for the results shown in (a) and (b). We observed a similar reversible
amorphous-to-crystalline transition when the synchrotron-radiation XRD measurements were performed with other pressure-transmitting media

(see Supplemental Material [32], particularly Fig. S3).

kink observed in the band gap measurements [30]. With a
further increase in pressure, ~36 GPa, two new peaks appear
~325 and ~600 cm™!, indicating the onset of crystallization.
This crystalline phase remains stable up to 51.3 GPa, which
was the highest pressure achieved in the Raman-scattering
measurements. During decompression, the crystalline peaks
start to disappear ~37 GPa. With a further decrease in pressure,
~11 GPa, the peak indicative of the amorphous phase starts
to reappear, and it is fully recovered when the pressure is
completely released. In the Raman-scattering measurements,
the onset of the crystallization during compression and the

(a) Compression
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L .03

0 200 400 600 800
Raman shift (cm_1)

1000 1200

onset of the vitrification during decompression are earlier than
in the XRD measurements. The apparent hysteresis is very
low, because the Raman scattering is highly sensitive to the
local structure.

As noted earlier, the nature of the amorphous phase
recovered on decompression may be of particular interest for
potential device applications. In the present work, the initial
amorphous phase, obtained by bulk casting of the liquid, is
likely to be relaxed in comparison with the deposited thin
films commonly used in other studies. This initial phase
therefore provides a good basis for assessment of the structural
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FIG. 2. In situ high-pressure Raman spectroscopy results for a-As,Se; at RT. (a) Raman spectra at selected pressures during compression
up to 51.3 GPa. (b) Raman spectra at selected pressures during decompression from 51.3 to O GPa. Ar was used as pressure-transmitting
medium for the results shown in (a) and (b). We observed a similar reversible amorphous-to-crystalline transition when the Raman-scattering
measurements were performed with other pressure-transmitting media (see Supplemental Material [32], particularly Figs. S4 and S5).

195211-3



AZKAR SAEED AHMAD et al.

(a)

S(©Q)

12345672809
oA

— As prepared
— Released from 53.5 GP

2 3 4 5 6 7 8 9 10
r(A)

PHYSICAL REVIEW B 94, 195211 (2016)

(b)

——As prepared
—— Released from 51.3 GPa

Normalized intensity (arb. units)

n 1 " 1 n 1 n 1 n 1 n 1
0 200 400 600 800 1000 1200

Raman shift (cm_1)

FIG. 3. Comparison of XRD and Raman spectra of an as-cast a-As,Se; sample and a sample recovered from the high-pressure fcc crystal
phase. (a) The total pair-distribution function g(r) and structure factor S(Q) (inset) for the as-cast sample and for a sample fully released from
53.5 GPa. (b) Raman spectra of the as-cast sample and a sample fully released from 51.3 GPa. The pressure-induced transitions are fully
reversible on decompression, and the recovered amorphous state is essentially identical to the relaxed as-cast state before compression. Ne was
used as pressure-transmitting media for the results shown in (a), and Ar was used as pressure-transmitting media for the results shown in (b).
Our experimental results with other pressure-transmitting media (see Supplemental Material [32], particularly Fig. S6) confirm the recovery
of local structure upon decompression. For amorphous materials, this is the first example of the local structure memory effect in the reversible

amorphous-to-crystalline transition.

changes that may be induced by crystallization and reversion
to the amorphous phase. For a-As;Ses;, we compare the
pair-distribution functions g(r), structure factors S(Q), and
Raman spectra for the as-cast sample (before compression) and
the sample after compression and decompression [Figs. 3(a)
and 3(b)]. Surprisingly, we observe, within experimental
uncertainty, no differences between the two samples in terms
of positions and intensities in g(r), S(Q), or the Raman
spectra [Figs. 3(a) and 3(b)] (see Supplemental Material [32],
particularly Figs. S6(a) and S6(b)). These results suggest that
the RT pressure-induced crystallization in a-As,Ses;, when
reversed, gives an amorphous phase that is remarkably relaxed
and similar to the bulk as-cast state. Such a high degree of
reversibility is unusual in studies on other chalcogenides, and
is the first example of local structure memory in reversible
amorphous-to-crystalline transitions in amorphous materials.

We explore the origin of this reversibility by performing
AIMD simulations on the effects of pressure on a-As;Ses.
Despite the difference of predicted and observed transition
pressure values (Fig. 4), our simulations correspond well with
the experimental findings on the nature of the phase changes.
Specifically, the amorphous-to-crystalline phase transition
during compression and the crystalline-to-amorphous phase
transition during decompression were well reproduced by
the simulations (Fig. 4). Upon compression, the first peak
of g(r) moves to higher r values and the second peak starts
to merge into the first peak. Again, in good agreement with
our experiments, this behavior is an indication of change in
the covalent bonding character at the onset of the 2D-to-3D
network transition. After the completion of this transition, with
further increase in pressure, the second peak is completely
merged into the first peak, and the first peak starts to move
to shorter r, accompanying densification. At a pressure of

107.8 GPa, we observe the onset of crystallization, as evident
from the g(r) curve in Fig. 4(a). This crystalline phase remains
stable up to 196.9 GPa, which was the highest pressure
achieved in AIMD simulation studies. During decompres-
sion, the crystalline phase remains relatively stable down to
39.3 GPa [Fig. 4(b)]. Below this pressure, the specimen enters
the amorphous state; the second peak in g(r) starts to reappear
and becomes pronounced at 16.1 GPa. The large hysteresis
reported in the AIMD studies can be expected, because the
small sample size and rapid pressure changes hinder nucleation
of phase changes.

This recovery of the second peak in g(r) during decompres-
sion indicates that the character of the bonding is increasingly
covalent, associated with a reversion to the original 2D
amorphous network. From AIMD simulations, the overall g(r)
of the sample released from 196.9 GPa is found to match well
with the g(r) of the starting sample (before compression), as
evident from Fig. 4(c), and this is consistent with the experi-
mental results (Fig. 3). Within the uncertainty, average bond
lengths (Supplemental Material, Table SI [32]) and average
coordination numbers (CNs) (Supplemental Material, Table
SII [32]) are found to be the same for both the as-prepared
amorphous and the amorphous obtained after the complete
decompression from 196.9 GPa. These results demonstrate
the local structure memory in a-As;Ses; under pressure (for
a detailed discussion, see Supplemental Material [32]). The
total free energy of the specimen as a function of pressure
[Fig. 4(d)] clearly shows the amorphous-to-crystalline phase
transition (during compression) and the reverse transition
(during decompression). During compression, the free energy
of the amorphous specimen increases linearly (red line) to
107.8 GPa (the onset pressure for crystallization). Above this
pressure, the free energy of the crystalline specimen increases
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FIG. 4. High-pressure AIMD simulations of a-As,Ses up to 196.9 GPa. (a) Total pair-distribution functions g(r) at selected pressures from
simulations (solid lines), together with experimental results (red circles). (b) Total pair-distribution functions g(r) at selected pressures from
simulations during decompression. (c) Comparison of total and partial As-As, Se-Se, and As-Se pair-distribution functions, showing that these
are similar for the as-prepared amorphous (black line) and the amorphous obtained after complete decompression from 196.9 GPa (red line).
(d) Total free energy of the specimen on compression and decompression. The red lines represent the amorphous phase, and the green lines

represent the crystalline phase obtained during compression.

linearly (green line), with a lower slope, to the maximum
pressure (i.e., 196.9 GPa). The reduced slope of the green line
indicates that the specific volume of the crystalline phase is
lower than that of the amorphous phase. During decompres-
sion, the free energy of the crystalline specimen decreases
linearly to 39.3 GPa (green line). Thereafter, the free energy
of the amorphous phase again shows a linear, but stronger,
pressure dependence (red line) until the complete release of
pressure. The free energy of the sample compressed to 196.9
GPa and brought back to ambient conditions is less than 0.05%
different from that of the as-cast amorphous sample. It can be
concluded that the pressure-induced amorphous-to-crystalline
phase transition in a-As,Ses is fully reversible in terms of both
thermodynamics and structure.

High-pressure studies on a-As;S; (isostructural with
a-As,Se;) have revealed that a gradual increase in pressure
results in elongation of the As-S bonds because of an increase

in the CN [33]. A similar trend is observed for a-As,Ses: the
first peak in g(r) moves to higher r, the increased average
bond length again being attributable to an increased CN,
and this scenario is consistent with the recent experimental
studies on a-As;Se; [34]. In the case of a-As,S3, increasing
pressure induces metallic bonding, and we speculate that a
similar increase in the metallic character of the bonding in
the 3D network a-As,Se; may occur above 30 GPa [30,35].
Our analysis of optical reflectivity (see Supplemental Material
[32], particularly Fig. S2) gives an indication of increased
metallic character in 3D a-As;Se; before crystallization.
While increasing pressure initially results in the 2D-to-3D
network transition [evident from the Fig. 4(a)] associated with
enhancement of interlayer forces, it subsequently induces a
denser metallic state similar to that in isostructural a-As;S3;
[33]. A further increase in pressure results in crystallization,
which with some hysteresis, is reversible upon decompression.
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From Fig. 4(b), it is evident that on decompression, vitrification
takes place gradually and the second peak in g(r) starts to
recover, an indication of the enhancement in covalent bonding.
Upon complete decompression, the specimen recovers itself
to a covalently bonded 2D-network structure, and within the
experimental uncertainty is the same as the as-cast sample
[Figs. 3(a) and 3(b) and 4(c) and 4(d) and Tables SI and SII]
(see Supplemental Material [32], particularly Figs. S6(a) and
S6(b)). The total free energy is the parameter that determines
the thermodynamic stabilities of the phases. We calculated the
free energies of a-As,Se; and two crystalline phases of As,Ses,
i.e., the equilibrium monoclinic phase and the high-pressure
fcc phase. The order of stability is as follows: monoclinic >
amorphous > fcc. On decompression, the fcc phase reverts
to the metastable parent 2D-network amorphous phase, rather
than to the stable monoclinic phase.

In summary, we have used in situ high-pressure synchrotron
radiation XRD and Raman scattering to characterize the
changes in a-As;Se; on compression to >50 GPa and on
subsequent decompression. These changes have also been
studied in AIMD simulations. We found a reversible change
in the amorphous phase from a covalent 2D network to, at
higher pressure, a 3D network ~14 GPa and a reversible
pressure-induced crystallization to an fcc phase ~36 GPa, with
a large kinetic hysteresis. On decompression, after reversal
of the crystallization and of the 2D-to-3D transition, the re-
formed amorphous phase is in a well-relaxed state essentially
indistinguishable from the original bulk as-cast glass. We

PHYSICAL REVIEW B 94, 195211 (2016)

speculate that this ability to return to a well-defined amorphous
state is facilitated by its having a covalent network that is 2D
rather than 3D in character. Such structural reversibility and
reproducibility in pressure-driven transitions will be useful
in identifying systems of interest for phase-change memory.
This work clearly provides solid evidence for the existence of
a local structure memory effect in reversible crystallization
reaction, which may occur in other glassy or amorphous
systems, opening a new area of research on studying reversible
crystallization reactions.
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