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ABSTRACT: In this work, we revealed that Sb,Se; has one second-order isostructural phase transitions before it eventually
transformed into a site-disordered alloy during compression. Then, a rare amorphization of alloy was discovered with decreasing
pressure in Sb,Se; by performing in situ high-pressure X-ray diffraction (XRD) and Raman experiments, which may be owed to the
significant difference in atomic electronegativity of Sb,Se;. Compared to the original structure, the amorphous phase of Sb,Se; is
more stable at high pressure. Surprisingly, the structural stability of amorphous Sb,Se; at varying temperatures was also significantly
improved via recompression. Our findings will provide insight into the formation mechanism of the bcc alloys and amorphization in
A,B; (A = Sb, Bi; B = S, Se, Te) compounds and, especially, offer a new way to prepare amorphous materials.

B INTRODUCTION pressure can be used to tune the electronic and atomic
structures of materials. It has been verified that the
thermoelectric properties of Bi,Te,;, Bi,Se;, and Sb,Te; can

recognized and widely employed in the field of material be imp r?ved under. high pre?sures.sz—ss Als;)é,_%essure-induced
science. In addition, several alternative routes have been eAle.ctromc topological Fra951t10ns (ETTS‘)‘é_SO superconduc-
constructed, such as gas absorption of metal alloys,*™° tivity, and metallization trgnsﬁlqns &. of these com-
mechanical alloying,”® anomalous diffusion,” or pulsed laser pounds have also be-en eyftenswely 1nvestlgated. However,
irradiation,'’ etc. Compared to these traditional methods, compared to the sufficient high-pressure studies gg Elg)ln_l?gohe-
pressure-induced amorphization is more complex and unique dral forms of A;B; (Bi,Te;, Sb,Te;, and Bi,Se;),™ the
and has been observed in various elements,"' ™" com- Pnma types of A;B; (Bi,S; Sb,S; and Sb,Se;) have not
pounds,"*2 and alloys.>* However, almost all of these received similar attention because of the lack of topological

properties, and their structural transformations at high pressure

transformations are found in the compression process, so far PTHES, an H i
widely unknown to the crystalline-to-amorphous transition are still indistinct. By a combination of high-pressure XRD and

Generally, amorphous materials can be obtained by rapid
solidification of vapors and the melts," ™ which have been

with releasing pressure. Here, we find that a Sb-Se amorphous Raman measurements, Efthimiopoulos et al. found that the

phase can be synthesized by pressurizing and depressurizing Pnma phase of Bi,S; could persist up (t)o 50 GPa, further

Sb,Se;. compression leads to structural disorder.* Subsequently, two
As typical A,B;-form (A = Sb, Bi; B =S, Se, Te) compounds, pressure-induced phase transitions were reported in SbZS3,60

Sb,Se; has attracted a lot of interest due to the interesting and an amorphous state was observed after full decompression

properties for several applications, such as thermoelectric

devices,”® solar cells,”” optical recording material,”® and Received: December 12, 2019

hydrogen storage materials,”” etc. In recent years, Bi,Tes, Revised:  January 15, 2020

Sb,Tes;, and Bi,Se; have been experimentally observed as the Published: January 17, 2020

simplest 3D topological insulators,””*" which make A,B,
became a hot topic in the field of material research. External
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Figure 1. (a) Raman spectra of Sb,Se; vs pressure during compression and decompression at room temperature with neon as the PTM, the
excitation wavelength was 532 nm. (b) Pressure dependence of Raman mode frequencies for Sb,Se;, the inset shows the HRTEM images of fully

released Sb,Se; obtained from Raman experiment.

from 53 GPa with helium as pressure-transmitting media
(PTM). Whereas, more recently, based on the high-pressure
Raman spectra studies, Dai et al. suggested that these
transitions in Sb,S; were reversible under hydrostatic
condition,” while an amorphization occurred under a
nonhydrostatic condition. Nevertheless, few work focuses on
the decompression process in A,B; compounds, the formation
mechanism of these amorphizations is still not clear. In the
case of Sb,Se;, the phase evolution paths of this A,B;-form
material are even more uncertain due to the negligence of the
laser heating effect on the samples in the compression process
and the absence of the details on the decompression.’'

In the present work, we systematically investigated the
pressure-induced structural transitions of Sb,Se; in the
compression and decompression process with the combination
of high-resolution synchrotron XRD, Raman spectroscopy,
resistance measurement, and high-resolution transmission
electron microscopy (HRTEM). We have detected two
phase transitions at about 12.4 and 52.2 GPa with increasing
pressure, and the results are different from previous work.
Then, a PTM-independence amorphous phase appeared with
decreasing pressure. We attribute the amorphization to the
differences in atomic electronegativity. More importantly, the
amorphous Sb,Se; is more stable at high pressure, and its
structural stability could also be enhanced by recompressing.
Our results can be applied to other A,B; materials and other
similar structural evolutions under high pressure.

B EXPERIMENTAL PROCEDURES

High-Pressure XRD Experiments. Several high-pressure
angle-dispersive XRD experiments were performed in a
symmetric diamond anvil cell (DAC) with a pair of diamond
anvils with a culet diameter of 300 m. Commercially available
Sb,Se; powder (Alfa Aesar, 99.999%) was pressed into a thin
slice and then placed in a 110 pm-diameter hole in a
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preindented T301 gasket with 35 um thickness. Neon,
methanol—ethanol (4:1) mixture, and NaCl powder were
used as the PTM in the first, second, and third runs,
respectively. As an important supplement, two independent
runs are also performed with different experimental pressure
ranges with a methanol—ethanol (4:1) mixture as the PTM
(runs 4 and S). Pressure was determined by ruby
fluorescence.” Run 1 was conducted at the 16BM-D beamline
of the high-pressure collaborative access team with 4 = 0.2592
A, at APS-ANL. Runs 2—6 were conducted at the 4 W2
beamline of the Beijing Synchrotron Radiation Facility (BSRF)
with 4 = 0.6199 A. The powder diffraction patterns were
collected with a Mar34S (run 1) or Pilatus (runs 2—S5) image
plate and integrated with the FIT2D software package.”> The
diffraction data were analyzed with GSAS+EXPGUI pro-
gram.”*

High-Pressure Raman Experiments. The sample was
loaded into a hole of 120 ym diameter in a T301 gasket and
compressed between two 300 ym culet diamond anvils. Neon
was used as the PTM. Pressure was determined by ruby
fluorescence.”” The Raman spectra were collected at room
temperature with a commercial SENTERRA (Bruker) confocal
laser micro-Raman spectrometer using a 532 nm excitation
laser with a spectra resolution about 1.5 cm™. To avoid the
oxidation of Sb,Se; at varying temperatures, below about 3
GPa, the laser power is set at 0.25 mW, and the exposure time
is 240 s. Further compression and below about 15 GPa, the
laser power should be less 12.5 mW, and the exposure time is
300 s. Above that pressure, the laser power is set at 12.5 mW,
and the exposure time is 200 s.

High-Pressure Electrical Resistance Measurements.
The pressure dependence of electrical resistance for Sb,Se; was
measured by using the standard four electrode method in a
DAC with the anvil culet of 300 ym in diameter. Pressure in
the chamber was determined by the ruby fluorescence

https://dx.doi.org/10.1021/acs.jpcc.9b 11520
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Figure 2. Structural evolutions of Sb,Se; obtained during compression up to 62.0 GPa (runla) and decompression: (a) the raw 2D XRD patterns
and (b) integrated XRD 1D profiles (asterisks: the new peaks of the bcc phase); (c) refinement of the 3.4 GPa XRD data obtained from run 1a with
orthorhombic space group Pnma from which we obtained the lattice parameters a = 11.772(1) A, b = 3.9752(4) A, and ¢ = 11.625 (1) A; (d)
refinement of the 62.0 GPa XRD data obtained from run la with cubic space group Im-3m from which we obtained the lattice parameters a =
3.134(2) A; (e) the pressure dependence of unit cell volume per atom for the three phases of Sb,Se; (the solid lines represent the fitted Birch—
Murnaghan EOS”" functions to the measured P—V data, with B,’ fixed as 4, the ambient pressure isothermal bulk modulus B, is estimated as 36(3),
44(2), and 200(19) GPa for the Pnma, f-Pnma, and bec phases, respectively. The inset shows the details of the unit cell volume of the Pnma and f5-

Prma phases as a function of pressure).

method.®” Fine cubic boron nitride (¢cBN) powder was used to
cover the gasket as an insulating layer. No PTM was loaded to
avoid additional errors in the electrical measurements.

Transmission Electron Microscopy (TEM). To verify the
amorphization of Sb,Se; obtained from the Raman experi-
ments, we conducted TEM studies on the quenched sample.
The TEM observations were performed at 200 kV in a Talos
F200X microscope equipped with an energy-dispersive X-ray
(EDX) spectrometer.

As a contrast, high-pressure XRD and Raman scattering
measurements of Bi,Te; and Sb,Te; were performed without
PTM.

B RESULTS AND DISCUSSION

Given that Raman spectroscopy is a more sensitive probe for
isostructural transitions and to better understand the high-
pressure behavior of Sb,Se;, high-pressure Raman experiments
were carried out on Sb,Se; at room temperature with neon as
PTM. We can resolve six modes in our Raman spectra, marked
as M1 (80.2 cm™'), M2 (105.1 cm™), M3 (126 cm™), M4
(1544 cm™), M5 (186.9 cm™), and M6 (210.0 cm™) at
ambient pressure, as shown in Figure la, which is very different
from the reported literatures’”® but is consistent with the
more recent study performed by Shongalova et al.”° M1—-M3
are very weak and broad, which may lead to the absence of
them in Bera’s work.’> On the other hand, the Raman spectra
of Sb,Se; show a pronounced dependence on the laser heating
at low pressure, which has been confirmed by Shongalova et
al.®® and this work (Figure S1). Hence, we attribute the Raman
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peaks observed in Efthimiopoulos’s work at 1 bar to the cubic
Sb,0; rather than orthorhombic Sb,Se;.

Upon compression, these modes of Sb,Se; shift to higher
values. A large increase in the intensity of M3 within a narrow
pressure range of 0—2.6 GPa is observed in Figure 1a, both M5
and M6 increase linearly up to 12.5 GPa, as shown in Figure
1b, while the pressure slopes of three other modes (M2, M3,
and M4) reduce at 4.3 GPa. With increasing pressure, the weak
M1 will disappear at 6.8 GPa, and neither M2 nor M6 can be
observed above 9.9 GPa. As pressure was increased to 12.5
GPa, a new mode M7 appeared with frequency increasing
linearly up to 37.8 GPa, and M3, M4, and MS also show a
slope change at 12.5 GPa, which means that a new phase
transition has occurred. When the pressure was further
increased to 41.1 GPa, the Raman spectra become rather
featureless. Upon releasing pressure from 62.0 GPa, Sb,Se;
transformed into an amorphous state and marked with a very
broad mode, as shown in Figure la. The HRTEM images
further revealed that Sb,Se; transformed to AM after releasing
pressure, as shown in Figure 1b.

To further explore the structural properties of Sb,Se; under
pressure, high-pressure XRD experiments were performed. The
selected XRD patterns of Sb,Se; measured at various pressures
during compression and decompression with neon as PTM
(run 1a) at room temperature are shown in Figure 2a,b. Under
ambient conditions, all diffraction peaks of Sb,Se; could be
indexed to the orthorhombic structure, the typical Rietveld
refinement results are shown in Figure 2c. When the pressure
was further increased to 52.2 GPa, several new Bragg peaks

https://dx.doi.org/10.1021/acs.jpcc.9b 11520
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Figure 4. (a) Recompression and decompression of the amorphous Sb,Se; obtained from run la with neon as the PTM (marked as run 1b). (b)
The inverse main amorphous diffraction peak position 277/Q, of the amorphous Sb,Se; as a function of pressure. (c) The raw 2D XRD patterns of
fully released Sb,Se; obtained from run 1b collected at the 4W2 beamline of BSRF after 36 and 94 days. The heating effect of laser on the sample
quenched from (d) Raman measurement and (e) run 1b at ambient pressure.

emerged in the XRD pattern and marked with asterisks in
Figure 2b, which meant that Sb,Se; began transforming into
the site-disordered bcc structure (space group Im-3m). The
transition is almost completed at 58.0 GPa, typical Rietveld
refinement result is shown in Figure 2d, within the bcc
structure, Sb and Se atoms are disordered to randomly share
the 2(a) sites, similar to those of Bi,Te; and Sb,Te;. The
lattice parameters and volumes derived from Le Bail
refinements as a function of pressures in the compression
process of run la for Sb,Se; are shown in Figure 2e and Figure
S2. As can be seen in the inset of Figure S2, the a-axis shows a
discontinuous decrease at about 12.4 GPa, and the similar
changes have been found in those of b- and c-axes. The results
undoubtedly indicate that a structural transition takes place at
about 12.4 GPa accompanied 0.77% volume drops, as shown
in Figure 2e, which is consistent with our Raman measure-
ments. Here, we can label the new phase as f}-Pnma.
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Unexpectedly, when pressure is lower than about 25.2 GPa
(run 1a) in the decompression run, Sb,Se; transforms into an
amorphous state (AM) until the ambient pressure, indicated
by broad scattering peaks in the XRD pattern, as shown in
Figure 2a. To study the effect of nonhydrostatic condition on
the structural transitions in the decompression cycle, another
independent runs were also performed with the methanol—
ethanol (4:1) mixture (run 2) and NaCl as the PTM (run 3),
the similar amorphous phase was observed as shown in Figure
S2a,b. The pressure dependence of the FWHM of NaCl and
the bcc phase over the experimental pressure range is plotted
in Figure 3a. Upon pressure release, the FWHM of peaks for
the bcc structure of Sb,Se; increases dramatically in all
experimental runs, while those of NaCl (B2-type) remain
almost unaffected upon decreasing pressure. Furthermore, the
effect of pressure on the FWHM of peaks for the bcc phase of
Sb,Se; in the compression process (runs la and 2) is also
displayed in Figure 3a. We can find that the FWHM of the bcc

https://dx.doi.org/10.1021/acs.jpcc.9b 11520
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phase increased slowly as pressure increased. Generally,
pressure-induced Bragg peak broadening occurs in XRD
patterns upon compression related to the effects of structural
disorder, amorphization, nonhydrostatic conditions, grain size
effects, or other structural defects.®””*® However, rare studies
focus on the phenomenon of Bragg peak broadening in the
decompression process. Based on our experimental results, we
can attribute the peak broadening of the bcc phase of Sb,Se; to
the effect of structural disorder, and the AM phase of Sb,Se;
can only be formed by releasing pressure after the trans-
formation to the bcc structure, as shown in Figure S3c,d.

To better understand the relationship between electrical
properties and structural phase transitions, the in situ high-
pressure electrical resistance measurements of Sb,Se; were
performed up to 65 GPa, the pressure dependence of
resistance (R—P) is shown in Figure 3b. Upon compression,
two inflection points can be observed at 13.5 and 44.6 GPa,
respectively. However, in the decompression process, only one
inflection point can be found below 35.3 GPa. These inflection
points are consistent with the phase transitions observed in the
XRD experiments; therefore, the R—P curves of Sb,Se; can
reveal the critical pressures of structural phase transitions at
high pressure and further verify our experimental results.
Furthermore, we can find that the resistivity of AM at ambient
conditions is very close to that of the Pnma phase and shows a
semiconductor-like conduction, as shown in the inset of Figure
3b.

To give an insight in the behavior of AM and improve our
understanding in fundamental relationships between the
orthorhombic and AM phases of Sb,Se;, we recompressed
the sample obtained from run la with neon as PTM (run 1b),
the XRD patterns in the compression and decompression
process are shown in Figure 4. AM directly transformed into
the bcc phase at about 61.4 GPa, which is distinctly higher
than the transition pressure during compression of run la
(52.2 GPa), and the transition is reversible. The reverse main
amorphous diffraction peak position 27/Q, correlates with the
volume of glass with a power law function, which can be
conveniently used to reflect the relative volume (density)
change as a function of pressure. Figure 4b shows the inverse
main amorphous diffraction peak position 27/Q; of the AM
phase of Sb,Se; as a function of pressure, which was estimated
from the diffraction peak fitting using a Voigt line profile after
subtracting the baseline. No clear change was detected, and
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this confirms that polymorphic transitions do not exist in the
AM phase of Sb,Se; during compression. Therefore, the AM is
more stable than the orthorhombic structure under high
pressure. Figure 4c shows the raw 2D XRD patterns of the
quenched sample obtained from run 1b after 36 and 94 days,
respectively. Obviously, no recrystallization was found, and the
AM phase is stable at ambient conditions. To distinguish the
Raman character of Pnma and AM of Sb,Se;, we increased the
laser power and exposure time, as shown in Figure 4d, we can
find that they have very different Raman peaks, and AM phase
can directly transform into the original structure at low
pressure by laser heating. Surprisingly, the structural stability of
amorphous Sb,Se; at high temperature was remarkably
enhanced after recompression, even if the laser power was
increased to 25 mW, the amorphous Sb,Se; phase has not
completely transformed into the Pnma phase, as shown in
Figure 4e. Considering the quite low oxidation temperature of
orthorhombic Sb,Se; (as shown in Figure S1d), the application
of amorphous Sb,Se; may promote the structural stability and
improve the performance of these thermoelectric materials.
The crystalline-to-amorphous transition is quite rare when
the pressure is released. In previous work, an irreversible
structural transition of Bi,Se; was found in the relaxation
process,”””*” and Sb,S; was also transformed into an
amorphous phase under nonhydrostatic condition.” It seems
that the pressure conditions have an important effect on the
formation of the amorphous phase of A,B; in the
decompression cycle. However, based on the results of high-
pressure Raman and XRD experiments with different PTMs in
the rhombohedral (Bi,Te; and Sb,Te;, as shown in Figure S4)
and orthorhombic A,B; (Bi,S; and Sb,S;, the results will be
presented in else work), we find that the PTMs have little
influence on the results of the structural transitions of A,B;
compounds. Here, the differences in atomic electronegativity
may account for the irreversible structural transition and the
amorphization of A,B; (Bi,Se;, Sb,Ses, Sb,S;, and Bi,S;) upon
decompression. As shown in Figure 5, upon compression, the
charge transfers from A (Bi and Sb) to B (S, Se and Te), which
makes the atomic radii of Bi-Te, Sb-Te, and Sb-Se become
approximately equal and favorable for the formation of site-
disorder bec (Hume—Rothery rules).”' ~>*°"%° However, due
to the significant difference of the atomic radii of Bi (1.60 A)-S
(1.00 A), Bi-Se (1.15 A) and Sb (1.45 A)-S”° at ambient
conditions make it impossible to equalize the two ionic radii in
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A,B; under the effect of external pressure, which may hinder
the formation of the substitutional alloy in these compounds,
and more details will be discussed in other work. According to
the Pauling scale, the electronegativity values of Bi, Sb, Te, Se,
and S are 2.02, 2.05, 2.10, 2.55, and 2.58, respectively. When A
and B atoms have similar electronegativity values, with
decreasing pressure from the site-disordered or structural-
disordered state, the charges which were transferred from A to
B should be returned to the original state and show reversible
structural transitions, such as Bi,Te; and Sb,Te;. However,
when the electronegativity value of B is far larger than that of
A, part of the transferred charges will be “captured” around B
even though pressure is fully released, which is favorable to the
formation of amorphous phase, such as Sb,Se;, Sb,S;, Bi,S;,
and Bi,Se;. Also, these amorphous phases will most likely
transform into ordered crystalline structures upon sufficient
heating, as shown in Figure 4d. Based on these results, we may
offer a novel method to prepare the amorphous materials in
which the elements should have a significant difference in the
electronegativity values within the compounds, and the
amorphous samples can be retained with quenching from
high pressure.

B CONCLUSIONS

In summary, pressure-induced isostructural and site-disordered
transformations were observed in Sb,Se; in the compression
process. With decreasing pressure, an amorphous state
appeared in Sb,Ses, the differences in atomic electronegativity
may be explained for the irreversible transition. More
importantly, the structural stability of Sb,Se; will be
significantly enhanced at high pressure and temperature.
These findings will help to improve understanding of the
behavior of A,B; under high pressure and also provide a novel
way to search for alloys and amorphous materials.
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