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ABSTRACT: The high-pressure structural and vibrational properties of Bi,S; have been
probed up to 65 GPa with a combination of experimental and theoretical methods. The
ambient-pressure Pnma structure is found to persist up to S0 GPa; further compression
leads to structural disorder. Closer inspection of our structural and Raman spectroscopic
results reveals notable compressibility changes in specific structural parameters of the
Pnma phase beyond 4—6 GPa. By taking the available literature into account, we
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speculate that a second-order isostructural transition is realized near that pressure,

originating probably from a topological modification of the Bi,S; electronic structure near that pressure. Finally, the Bi** lone-
electron pair (LEP) stereochemical activity decreases against pressure increase; an utter vanishing, however, is not expected until
1 Mbar. This persistence of the Bi** LEP activity in Bi,S; can explain the absence of any structural transitions toward higher

crystalline symmetries in the investigated pressure range.

1. INTRODUCTION

The mineral bismuthinite (Bi,S;) is a well-known binary
semiconductor with an optical band gap E, ~ 1.3 eV."* This
material constitutes a promising candidate for optoelectronic®
and photovoltaic* applications. At ambient conditions, Bi,S;
adopts an orthorhombic structure (Pnma, Z = 4, U,S;-type)
with mixed 7-fold [Bi(1)] and 8-fold [Bi(2)] cationic
coordinations (Figure 1). This Pnma phase can be described
as a layered structure, with alternating blocks of Bi—S
polyhedral units stacked perpendicular to the short b-axis
(Figure 1).
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Figure 1. A polyhedral view along [101] of the layered structure of
Bi,S; at ambient conditions (Pnma, Z = 4). The blue, green, and red
spheres correspond to the Bi(1), Bi(2), and S ions, respectively. The
blue and green polyhedra stand for the Bi(1)S; and the Bi(2)S,,,
units.
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By substituting sulfur in Bi,S; with selenium (Bi,Se;) or
tellurium (Bi,Te;), one falls into a completely different
structural class. In particular, both Bi,Te; and Bi,Se;
compounds adopt a rhombohedral structure (R3m, Z = 3) at
ambient conditions,”® which is made up of Bi(Se,Te)s
octahedral layers piled up along the c-axis. Interestingly, both
of these materials were shown to exhibit topological properties
at ambient pressure.”®

The quasi two-dimensional structure of these Bi-based
chalcogenides makes the physical properties of these systems
susceptible to strain. Indeed, it is well-established that
application of external pressure enhances the thermoelectric
performance of these materials due to a pressure-induced
electronic topological transition.” More recent high-pressure
investigations unraveled a rich phase diagram for these
materials under pressure, with a plethora of novel structures
of higher cationic coordinations®®'°™"* and concominant
electronic  transitions''¥'* arising upon compression. Even
though the effect of pressure on the structural properties of
Bi,Te; and Bi,Se; compounds has been studied extensively, the
denser Bi,S; has not received similar attention owing probably
to the lack of topological properties.

The only known high-pressure work to date on Bi,S; is a
structural study up to 10 GPa.'® The main outcome of this
investigation was the persistence of the Pnma phase up to that
pressure. In addition, the Bi—S polyhedral units became more
symmetric, associated closely to a decrease of the Bi** lone-
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Figure 2. (2) XRD patterns of Bi,S; at selected pressures (T = 300 K, A = 0.4246 A). Asterisks mark the Bragg peaks of the Bi impurity. Background
has been subtracted for clarity. (b) Examples of Rietveld refinements performed with Le Bail fit due to the strong texture at two different pressures.
Dots correspond to the measured spectra and the red solid lines represent the best refinements. The difference spectra between the measured and
the refined patterns are depicted too (blue lines). Vertical ticks mark Bragg peak positions.

electron pair (LEP) stereochemical activity under pressure.'>'®

The complete suppression of LEP activity was estimated above
20 GPa; such vanishing may induce a structural transition
toward a phase of higher symmetry, accompanied by changes in
the electronic properties of Bi,S;.'”'® Partly motivated by this
possibility, and given the Pnma-bcc transmon observed recently
for isostructural Sb,Se; above S0 GPa,"” we have expanded the
pressure-range of the structural on Bi,S; up to 65 GPa,
complemented by high-pressure Raman spectroscopic studies
up to ~28 GPa. Overall, the Pnma phase is stable up to 50 GPa,
with structural disorder initiating beyond that pressure. The
Bi** LEP activity is decreasing in a nonmonotonous way, with a
complete suppression expected above 1 Mbar (Appendix in the
Supporting Information (SI)). On the other hand, a closer
inspection of the structural and vibrational properties at lower
pressures reveals notable compressibility changes of specific
structural parameters above 4 GPa. These pressure-induced
changes are reminiscent of the second-order isostructural
transitions reported for Bi,Te;, Bi,Se;, and Sb,Te; compounds
at low pressures.”

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Bi,S; was available in polycrystalline form (Alfa-Aesar, 99.9%
purity). Pressure was generated with a gasketed symmetric
diamond anvil cell (DAC), equipped with a set of diamonds
with 300 ym culet diameter. The ruby luminescence method
was employed for pressure calibration.”'

The monochromatic angle-dispersive powder X-ray diffrac-
tion (XRD) measurements under pressure were performed at
the 16BM-D beamline of the High Pressure Collaborative
Access Team’s facility, at the Advanced Photon Source of
Argonne National Laboratory (APS-ANL). The X-ray beam
wavelength was 4 = 0.4246 A. The XRD patterns were collected
with a MAR 345 Image Plate detector. The sample—detector
distance and the geometrical parameters were calibrated with a
CeO, standard from NIST. The intensﬂ;f versus 26 spectra
were processed with the FIT2D software.”” Refinements were
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performed with the GSAS+EXPGUI software packages.***
The P—V data were fitted with the Birch—Murnaghan equation
of state (B-M EOS).>® Helium was employed as a pressure
transmitting medium (PTM); the compressed gas loading took
place at the gas-loading system of GeoSoilEnviroCARS>®
(Sector 13, APS-ANL).

The high-pressure Raman measurements were conducted
with a solid-state laser (4 = 532 nm) coupled to a single-stage
spectrometer and a charge-coupled device. The spectral
resolution was 2 cm™' and the lowest resolvable frequency
~80 cm™. The incident laser power was 2 mW outside the
DAC, and the size of the laser spot was approximately 30 ym.
Both helium and a mixture of methanol—ethanol—water
(16:3:1) served as PTM in separate experimental runs.

All of the ab initio calculations are performed by using the
Vienna Ab-initio Simulation Package (VASP)*>"™% codes within
the projector augmented wave general gradient approximation
(PAW-GGA) to density functional theory (DFT).2%*" The
electron-ion interactions are treated by ultrasoft-Vanderbilt
type pseudo potentials®® as supplied by Kresse et al.>> A cutoff
energy, 350 eV, is applied to the valence electronic wave
functions expanded in a plane-wave basis set for the
orthorhombic Bi,S;. A Monkhorst-Pack®* generated k-point
grid, 4 X 11 X S, which matches the reciprocal lattice vector
lengths, was used for the Brillouin-zone integrations in all
calculations. Tests using the cutoff energy and k-points
mentioned above reached a convergence better than 1 meV.
The lattice constants and atomic positions for each
configuration with different pressures are obtained by fully
relaxing all atoms and lattice constants until a force
convergence to less than 0.01 eV/A was achieved, similar to
an earlier work.>® Additional crystal-chemical calculations were
performed with IVTON software.*® It should be emphasized
that there exist several settings for Pnma; here we use the same
Pnma setting as in refs 15, 19, and 37 (setting #1).
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3. RESULTS AND DISCUSSION

3.1. Structure under Pressure. 3.1.1. X-ray Diffraction
Study. In Figure 2a we present selected XRD patterns of Bi,S,
at various pressures, whereas examples of refinements are
depicted in Figure 2b. Due to strong texture effects, only the
lattice parameters could be extracted. In addition, analysis of
the XRD patterns revealed the presence of elemental bismuth
as an impurity phase at all pressures from the beginning of the
experiment. The structural evolution of Bi is well-esta-
blihed:***" the starting rhombohedral structure (Bi—I) trans-
forms into a distorted cubic phase (Bi—II) at 2.55 GPa, whereas
above 2.7 GPa it adopts a bct tetragonal structure (Bi—III).
Finally, Bi adopts a bcc phase at 8 GPa (Bi—IV), which persists
up to 2 Mbar® (asterisks in Figure 2a). Therefore, both Bi,S;
and Bi phases were taken into account for all of the XRD
refinements (Figure 2b).

Upon compression, Bi,S; retains the Pnma phase up to ~S0
GPa. Above that pressure, the XRD patterns are dominated by
broad Bragg features up to 65 GPa (Figure 2a). This pressure-
induced Bragg peak broadening in the XRD patterns of Bi,S;
can originate from various effects, such as structural disorder/
amorphization, nonhydrostatic conditions, grain size effects,
and/or other structural defects induced upon compression.***
Given, however, the trends of Bi,Te,”"" Bi,Se;,® Sb,Te,,***
and Sb,Se;" compounds toward disordered structures under
presure, we interpret this Bragg peak broadening as a sign of
pressure-induced structural disorder in Bi,S;. Interestingly, a
similar disorder precedes the Pnma-bcc structural transition in
Sb,Se; under high pressure.'”” Due to time constraints, the
decompression cycle of the experiment could not be
performed; this will be the subject of a future study.

From the pressure dependence of the lattice parameters, we
can observe that the compressibility of the Pnma structure is
anisotropic (Figure 3a). In particular, the long a- and c-axes
exhibit similar behavior upon increasing pressure, with the c-
axis being generally more compressible than the a-direction. As
for the short b-axis, it is the stiffer lattice constant with an
almost linear (within error) pressure-change up to 50 GPa.
When comparing the zero-pressure compressibility of the
lattice constants By = I,7'(0l/0P)p_, (I, is the zero-pressure
value of the respective unit-cell axis) between isostructural Bi,S;
and Sb,Se;,' we find that Bi,S; is “softer” than Sb,Se; along
the g-axis. On the other hand, both compounds exhibit similar
compressibilities along the b- and ¢- directions, with the b-axis
being the most incompressible lattice parameter in both cases.

By taking a closer look at the lattice constant ratios (Figure
3b), we can observe some interesting changes in the pressure
dependence of both a/b and a/c near 4 GPa. More precisely,
the initially “softer” a-axis reaches the b-axis in terms of
compressibility above 4 GPa, whereas it becomes stiffer than
the c-axis beyond that pressure. This axial compressibility
change is directly linked to changes of respective interatomic
parameters, as we discuss in more detail below. In Figure 3c we
display the P-V data for the Pnma phase of Bi,S;. By employing
the experimental zero-pressure volume per formula unit V/Z =
125.4 A3, we acquire a bulk modulus B, = 38.9(8) GPa and its
pressure derivative B’y = 5.5(1) via the B-M EOS fitting. The
obtained B, and B';, values are consistent with those of
isostructural Sb,Se;'” and $b,S;*” compounds.

3.1.1. Theoretical Results. Turning now to our computa-
tional results, we have plotted the theoretically derived
structural parameters of Bi,S;, using PAW-GGA, as a function
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Figure 3. Plot of the (a) lattice parameters, (b) lattice constant ratios,
and (c) unit cell volume per formula unit as a function of pressure for
the Pnma phase of Bi,S;. The closed symbols and the solid lines
represent experimental and computed data, respectively. The red solid
line in panel c represents the fitted B-M EOS function.

of pressure alongside the experimental data (solid lines in
Figure 3). It can be observed that an overall excellent
agreement between theory and experiment is achieved, with
the calculated lattice parameters being slightly overestimated
compared to the experimental data (~1%) as expected for
GGA.*® The compressibility changes for both a/b and a/c
lattice constant ratios are reproduced by our computations
(Figure 3b). Finally, the elastic parameters obtained from the
calculated P—V data (Figure 3c) are V,/Z = 127.9 A® B, = 36.5
GPa, and B, = 5.9, in very good agreement with the
experimental results.

In order to get a more comprehensive understanding of the
effect of pressure on the structural properties of Bi,S;, we have
additionally calculated the positional coordinates of all ions
within the Pnma unit cell at various pressures, from DFT
computational data (Table S1 in the SI). By employing these
atomic parameters, we have derived the pressure dependence of
the various Bi—S bond lengths. In Figure 4a,b we plot the
pressure dependence of the theoretically derived lattice
constants and selected interatomic Bi—S bond lengths of
Bi,S; up to 10 GPa. From Figure 4a, we can clearly observe the
compressibility change of the orthorhombic a-axis above 4 GPa
mentioned above; both b- and c-axes, on the other hand, do not
show any anomalous behavior within this pressure range. This
compressibility change of the a-axis is linked to modifications of
the pressure dependence of distinctive bond lengths. In
particular, the long Bi(1)—S(2) and the short Bi(2)—S(1)
bond lengths experience subtle compressibility changes above 4
GPa. The most pronounced pressure-related effect, however, is
exhibited by the Bi(1)—S(3) bond distance, which undergoes a

reversal in its pressure dependence above 4 GPa (Figure 4b).
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Figure 4. Plot of the (a) lattice constants and (b) selected Bi—S bond lengths of Bi,S; up to 10 GPa. In order to be consistent with the pressure
values, we have employed the computed structural parameters. The vertical dashed line marks the onset of the compressibility changes. The

nomenclature of the various Bi and S ions is also provided.
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Figure 5. (a) Raman spectra of Bi,S; at selected pressures (4 = 532 nm, T = 300 K). (b) Raman mode frequency evolution against pressure. Solid
and open circles correspond to data collected upon compression and decompression, respectively. Solid lines represent least-squares fits. The dashed

area marks the pressure range of subtle Raman-related changes.

These distinctive compressibility changes of specific structural
parameters are reminiscent of second-order isostructural
transitions observed in related layered materials,?® i.e.,
structural transitions without any symmetry change and volume
discontinuities. Thus, in a similar fashion, we attribute the
observed compressibility changes in Bi,S; above 4 GPa to a
second-order isostructural transition.

As for the effect of pressure on the Bi*" lone-electron pair
stereochemical activity, a nonmonotonous suppression is
observed up to 45 GPa; a complete vanishing of the LEP
activity, however, is expected above 1 Mbar (Appendix).
Therefore, this persistence of the LEP activity of Bi,S; can
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account well for the absence of any structural transitions toward
higher crystalline symmetries within the investigated pressure
range.

3.2. High-Pressure Raman Investigation. Raman spec-
troscopy constitutes a more sensitive probe for detecting
isostructural transitions. For example, it has been shown that in
Bi,Te;,* Bi,Se;,"” and Sb,Te,*® the changes of Raman-active
modes’ pressure coeflicients and linewidths can be taken as
evidence of the respective isostructural transitions. In order to
look for similar pressure-induced effects in Bi,S;, we have

conducted high-pressure Raman investigations up to 28 GPa. A

dx.doi.org/10.1021/jp4124666 | J. Phys. Chem. A 2014, 118, 1713—1720
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sum of thirty Raman-active modes are expected for the
orthrohombic Pnma phase™

T = 10A, + SB,, + 10B,, + 5B,

At ambient pressure, we can resolve nine broad bands in our
Raman spectra (Figure S and Table 1). Eight of the observed

Table 1. Mode Assignment,*” Raman Mode Frequencies,
Pressure Coefficients, and the Mode Gruneisen Parameters ¥
of the Raman Features of Bi,S;”

Pr, (GPa) mode symmetry @y, (cm™) dw/0P (cm™/GPa) y

1 bar B, (1) 90.9 1.1 0.47
A, (D) 101.8 2.1 0.8

By, (IR) 125.8 18 0.56

B, (2) 170.2 3.6 0.82

A, (2) 188.6 12 0.25

By, 2232 0.1 0.02

A, (3) 236.8 2.6 043

B, (3) 261.3 0.4 0.06

By, (4) 276.1 2.3 0.32

10 GPa By, (1) 101.3 —0.02 —0.02
A, (1) 124.3 0.8 0.58

A, (2) 201.1 0.6 027

B, 231.6 14 0.55

A, (3) 266 1.1 0.38

B, (3) 271.8 1.9 0.63

A, (4) 208.6 0.9 0.39

A, (5) 220.7 2.5 1.03

“The pressure depencence of the Raman-active modes is described by
the relation ®(P) = @y, + aPp,. Mode Gruneisen parameters y are
determined from the relation y = (By,/@r,) X (0w/0P), where wr,
and the bulk modulus By, are evaluated at the respective transition
pressure point Pr,.. The bulk moduli values 38.9 GPa (Pr, = 1 bar) and
90.6 GPa (Pr, = 10 GPa, extrapolated) were employed.

features are Raman-active modes, in agreement with previous
reports.49_51 On the other hand, the feature at ~125 cm™ (B,
Figure S and Table 1) has been assigned to an infrared (IR)-
active mode.*” Since the noncentrosymmetric Pnma permits
the existence of both Raman- and IR-active modes in the
Raman spectra, and given the significant variation of this feature
intensity-wise upon sample choice, the assignment of the band
at ~125 cm™' as an IR-active mode seems plausible and is
adopted in this work.

Upon increasing pressure, several effects can be observed in
the Raman spectra within the 6—10 GPa pressure range (Figure
5Sb). In particular, the B 1g(2) mode merges with its neighboring
Ag(Z) Raman band and cannot be resolved above 7 GPa. In
addition, two new low-intensity features, i.e., Ag(4) and Ag(S)
are observed beyond 10 GPa (Figure Sb). Since no long-range
structural transition takes place near that pressure according to
our XRD study, these modes are most likely overlapping
ambient-pressure Raman bands which become “visible” under
compression, instead of novel Raman features due to a subtle
structural modification. This scenario appears plausibe if we
take into account that the estimated zero-pressure frequencies
for both of these modes (Table 1) are well reproduced from the
theoretical modeling of the Bi,S; vibrational properties.*’
Furthermore, changes in the pressure dependence of almost
every observable Raman-active mode can be detected above 10
GPa (Figure Sb and Table 1). Since we have also used helium
as the PTM, we can most likely exclude any nonhydrostatic
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effects as the origin behind these pressure-induced compres-
sibility changes. Therefore, we attribute these changes to
variations of the respective force constants within the 6—10
GPa pressure range.

With the exception of the low-frequency A (1) mode, most
of the compressibility changes in the Raman-active modes take
place just above 6 GPa (Figure Sb), very close to the
compressibility changes of the structural parameters (>4 GPa,
Figure 4). Since these compressibility changes roughly coincide
in terms of pressure values, it is only reasonable to assume that
a direct link exists. Even though a line width analysis of these
modes>> would provide more valuable information, we can still
interpret the observed compressibility changes of the Raman-
active modes of Bi,S; as additional evidence of a pressure-
induced isostructural transition occurring within the 4—6 GPa
pressure range.

Finally, we discuss the possible contamination of our Raman
spectra from Bi impurities as observed in the XRD measure-
ments. Elemental Bi exhibits low-frequency modes below 100
cm™'.* Even though the low-frequency A,(1) mode of Bi,S,
lies suspiciously close with the A;, band of Bi—I, the two
features exhibit opposite pressure dependence.*” In addition, Bi
can also oxidize and form the a-Bi,O; phase under laser
irradiation.”® Given, however, that the strongest Raman features
of a-Bi,Oj reside in the 300—3500 cm™" frequency range,>> we
can also exclude its presence in our Raman spectra (Figure Sa).

3.3. Structural Systematics of the A,B; Series under
Pressure. Even though the high-pressure structural behavior of
the A,B; (A% = Sb, Bi; B> = S, Se, Te) family has been
investigated for many years (for a review, see ref 20), the high-
pressure phases have been solved only recently through
combined experimental and theoretical efforts.”'>** In
particular, the heaviest member of this series, i.e, Bi,Te;
undergoes three structural transitions up to 52 GPa.>'®'! In
particular, the starting R3m phase transforms into a monoclinic
structure (C2/m, Z = 4) with 7-fold cationic coordination
above 8 GPa. Upon further pressure increase, a second
monoclinic structure (C2/c, Z = 4) with 8-fold coordination
appears for a narrow pressure range (13.4—14.4 GPa). Finally, a
disordered bec alloy (Im3m, Z = 2) is stabilized above 14.4
GPa; this disordered phase persists up to 52 GPa. A similar
sequence of pressure-induced structural transitions is reported
for Sb,Te; *3*+%*

As for the structural behavior of Bi,Se; under pressure, the
starting R3m phase also adopts the C2/m phase at ~10 GPa.*"?
Upon further pressure increase, however, observations are
somewhat diverse. In particular, Bi,Se; was shown to transform
from the first high-pressure C2/m phase directly into a body-
centered tetragonal structure (I4/mmm, Z = 2) above 25 GPa;®
upon decompression, an amorphous phase is recovered. Given
sufficient relaxation time, the orthorhombic Bi,Se;—II phase
(isostructural to Bi,S;) forms from the amorphous material.® In
ref 12, on the other hand, Bi,Se; is found to exhibit the same
structural sequence as the Bi,Te; and Sb,Te; compounds, i.e.,
R3m — C2/m — C2/c. Upon further compression, a novel
monoclinic phase (C2/m, Z = 4) was observed. This third high-
pressure phase is the densest structure reported so far for these
materials, since the Bi cations adopt a mixed 9-fold and 10-fold
coordination with respect to the Se anions. The absence of the
disordered bcc phase was attributed to the large differences in
the atomic radii and electronegativity between Bi and Se.'”

Turning now to the orthorhombic Sb,Se;, Sb,S;, and Bi,S;
compounds, similar high-pressure studies are scarce. Earlier

dx.doi.org/10.1021/jp4124666 | J. Phys. Chem. A 2014, 118, 1713—1720
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structural investigations on Sb,S;*” and Bi,S;" up to 10 GPa,
as well as a recent study on Bi,Se;—II up to 26 GPa® did not
report any structural transitions for the Pnma phase up to those
pressures. On the other hand, our recent high-pressure
structural study on Sb,Se; revealed the transformation of the
Pnma phase into a disordered bec structure above 55 GPa,'’
reminiscent of the end-phases of Bi,Te;>'>'" and Sb,Te,"**>*
under pressure. In the case of Bi,S;, we have found that the
ambient-pressure Pnma phase persists all the way up to S0 GPa
(Figure 2b). Further compression results in a significant
broadening of the Bragg peaks in the XRD patterns, thus
signaling the onset of structural disorder. Such disorder can
generally be accounted for by two mechanisms:** (a) the
disordered phase may be a transient of a structural transition
into another crystalline phase, which cannot be formed with a
high crystalline quality due to kinetic barriers, or (b) the
tendency of the material to decompose into its constituents.

Regarding the latter, elemental dissociation is favored in
terms of volume at these pressures:

V/Z(Bi,S;) > 2V,(Bi) + 3V,(S)

with V/Z(Bi,S;) = 85.8 A%, V,(Bi) ~ 22 A®> (Bi—IV),* and
V,(S) = 132 A3 (S—III)*° at 42 GPa. Given, however, the
trends of Bi,Tey,” " Sb,Te;,™**** and Sb,Se;'” compounds
toward high-pressure disordered phases instead of elemental
decomposition, the scenario of a kinetically hindered structural
transition in Bi,S; appears more plausible; a combined high-
pressure and high-temperature structural study will be needed
in order to resolve this matter. Considering, nevertheless, the
structural trends of the A,B; series under pressure, we can
expect that this new structure will most likely exhibit higher
cationic coordinations. We can also propose some possible
structural candidates for Bi,S;: (1) the monoclinic high-
pressure phase of Bi,Te;,”'® Sb,Te;,**** and Bi,Se, % (C2/c,
Z = 4) with 8-fold cationic coordination, (b) the cubic Th,P,-
type structure (I43d, Z = 4) with 8-fold cationic coordination, a
common polymorph for rare-earth sulfides,*® and (c) the mixed
9/10-fold high-pressure structure found recently for Bi,Se;."”

Finally, we would like to add some thoughts on the possible
microscopic origin behind the isostructural transition of Bi,S;
observed within 4—6 GPa (Figures 4 and S). It has been
established that an electronic topological transition (ETT)
takes glace for all Bi,Te;, Bi,Se;, and Sb,Te; compounds near 4
GPa*® These ETTs are evidenced from the compressibility
changes of the c/a lattice constant ratios, i.e., they are treated as
second-order isostructural transitions. In addition, detailed
high-pressure Raman studies of Bi,Te;,** Bi,Se;,*’ and
Sb,Te;** compounds revealed marked changes of their
Raman-active modes near the ETT in terms of pressure
coeflicients and linewidths. Interestingly, a recent high-pressure
Raman investigation on Sb,Se; reported also an ETT below 3
GPa;>” the Raman spectra, however, suffered from PTM
contamination, thus making this result questionable (for a
detailed discussion, see ref 19).

By taking into account the aforementioned discussion, we
tend to ascribe the compressibility changes observed in Bi,S;,
ie, the isostructural transition at 4—6 GPa, to a topological
change of its electronic structure near that pressure. Even
though the aforementioned materials (Bi,Te;, Sb,Te;, Bi,Se;)
crystallize in the R3m phase, their band structures are very
similar with that of Bi,S3.>"**** Therefore, the possibility of a
pressure-induced ETT above 4 GPa appears reasonable. Finally,
we should mention that a similar axial compressibility change
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was detected in isostructural Sb,Se; close to 4 GPa;'? current
efforts are focusing on the careful analysis of the Sb,Se; Raman
spectra near that pressure value.

4. CONCLUSIONS

In summary, the ambient-pressure Pnma structure of Bi,S;
persists up to 50 GPa; beyond that pressure, we observed
significantly broadened features in the XRD patterns.
Considering the structural trends of Sb,Se;,"? Bi,Te, >
Bi,Se;,® and Sb,Te;**** compounds upon compression, we
interpret this behavior as a sign of pressure-induced structural
disorder. In addition, clear compressibility changes in several
interatomic bond lengths and Raman-active modes were
detected within the 4—6 GPa pressure range. By taking into
account earlier reports,zo we assign these compressibility
changes to a second-order isostructural transition, arising probably
from changes in the electronic structure of Bi,S; Finally,
pressure is found to decrease the Bi*" LEP activity (Appendix);
a complete suppression, however, is not expected until 1 Mbar.
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