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Topological insulators have been the subject of intense research interest due to their unique surface
states that are topologically protected against scattering or defects. However, the relationship
between the crystal structure and topological insulator state remains to be clarified. Here, we show
the effects of hydrostatic pressure on the structural, vibrational, and topological properties of the
topological insulator Bi; sSby sTe; gSeq, up to 45 GPa using X-ray diffraction and Raman spectros-
copy in a diamond anvil cell, together with first-principles theoretical calculations. Two pressure-
induced structural phase transitions were observed: from ambient thombohedral R3m phase to a
monoclinic C2/m phase at ~13 GPa, and to a disordered I4/mmm phase at ~22 GPa. In addition, the
alloy undergoes several electronic transitions within the R3m phase: indirect to direct bulk band gap
transition at ~5.8 GPa, bulk gap closing with an appearance of Dirac semimetal (DSM) state at
~8.2GPa, and to a trivial semimetal state at ~12.1 GPa. Anomalies in c/a ratio and Raman full
width at half maximum that coincide with the DSM phase suggest the contribution of electron-
phonon coupling to the transition. Compared to binary end members Bi,Te;, BiySes, and Sb,Tes, the
structural phase transition and anomaly were observed at higher pressures in Bi; 5SbysTe; gSeq 5.
These results suggest that the topological transitions are precursors to the structural phase transitions.

Published by AIP Publishing. https://doi.org/10.1063/1.5018857

INTRODUCTION

Topological insulators (TIs) have attracted research
interest in the last several years, especially due to their con-
ducting edge states (in 2D TIs) or surface states (in 3D TIs)
that are topologically protected against backscattering and
cannot be passivated or destroyed by impurities or imperfec-
tions."™ This leads to “dissipationless” transport by the edge
or surface states that could be realized in a variety of applica-
tions including spintronics and quantum computing, and pos-
sibly create the elusive “Majorana fermion.” Among the
many TIs that have been identified, the metal chalcogenides
of the A,B; (A =Bi, Sb; B=S, Se, Te) series and their solid
solutions have been studied extensively from the perspective
of topological behavior as well as thermoelectric proper-
ties.o10 Specifically, the composition of Bi; sSby sTes.,Se,
with y = ~1.2 was found to have the highest bulk resistivity,
making the compound optimal for studying the surface trans-
port behaviors.®”*

The TI states of the A,B; chalcogenide family are likely
closely related to their crystal structures. Reportedly, R3m
crystals such as Bi,Tes, Sb,Tes, and Bi,Se; are Tls, whereas
Pnma crystals such as Sb,Ses, Bi,S3, and Sb,S5 are topologi-
cally trivial in ambient conditions."! Therefore, it is of great
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importance to understand the role of crystal structure in the
topological behavior. An effective method for probing this
relationship is via the application of hydrostatic pressure,
which is a powerful means to modulate lattice parameters and
crystal structures of a material, as well as its electronic struc-
tures and topological states.'*'? Pressure-induced crystal
structural transitions in the R3m structured chalcogenide fam-
ily have been well explored, and their electronic topological
transitions (ETTs) within the TI phase are also reported.'*>°
On the contrary, Pnma-structured chalcogenides remain struc-
turally stable up to 25 GPa, and their pressure-induced ETTs
are under debate.?'° It is notable that a pressure-induced TI
state in Sb,Se; has been reported, despite some outstanding
debates relating to the pressure transmitting medium
(PTM).?*?"% Importantly, the relationship between crystal
phase transitions and topological transitions (e.g., whether the
surface TI state is exclusively dependent, or irrelevant to the
crystal structure) remains to be clarified.?*>*-°

In this paper, we report a combined theoretical and exper-
imental investigation of the effect of hydrostatic pressure on
the topological insulator quaternary alloy Bi; sSbgsTe; gSe; 5.
Two structural phase transitions were observed from X-ray
diffraction (XRD) and Raman spectroscopy and confirmed by

Published by AIP Publishing.
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first-principles calculations: from the ambient pressure rhom-
bohedral R3m phase to a monoclinic C2/m phase at ~13 GPa,
and to a tetragonal disordered I4/mmm phase at ~22 GPa.
Furthermore, within the ambient R3m phase, a series of elec-
tronic transitions were demonstrated by the evolution of the
band structure as a function of pressure. The bulk indirect
band gap of the quaternary alloy undergoes indirect-to-direct
(I-to-D) band gap transition at ~5.8 GPa. At ~8.24 GPa, the
bulk band gap closes and develops a linear crossing of bands
to form a 3D Dirac semimetal (DSM) state. On further
increase in pressure, the system becomes a normal metal
before it undergoes the first structural phase transition to the
metallic C2/m and I4/mmm phases. Concomitant with the
pressure-induced electronic transitions, various observations
from experiments also revealed profound changes at these
transitions, such as c¢/a ratio anomaly from XRD, and pressure
coefficient change, and full width at half maximum (FWHM)
anomalies from Raman spectroscopy. This result implies that,
although closely related, the surface states of TIs could be
modulated without change in crystal structure under hydro-
static pressures. Also, in comparison to binary end member
compounds, the Bi; 5SbysTe; gSe;, alloy showed structural
phase transition and other anomalies at higher pressures.
Change in axis compressibility and increase in electron-
phonon coupling (EPC) are suggested to be precursors of the
structural transitions.

METHODS
Growth of Bi _5Sb0_5Te1 _gse1 2

Bi; sSby sTe; gSe; , single crystals were grown in a two-
step process. The material was first synthesized by a modi-
fied vertical Bridgman technique similar to that reported by
Wang et al.’ Stoichiometric quantities of high purity (>5 N)
metals of bismuth (5 N), antimony (5 N), selenium (6 N) and
tellurium (7 N) were vacuum sealed (1076T0rr) in a fused
silica ampoule and melted at 900 °C for two days and slowly
cooled to room temperature. The reacted material was then
resealed under vacuum in a growth ampoule with a taper.
The ampoule was heated to 900°C for two days, cooled
down to 550 °C over 180h, and held at that temperature for
4 days before being quenched in liquid nitrogen and brought
to room temperature. The resulting crystal was highly crys-
talline and could be cleaved or exfoliated using the Scotch
tape method.

High pressure Raman and X-ray diffraction
experiments

A symmetric diamond anvil cell with a pair of 350-um
diameter diamond culets was used for the high-pressure experi-
ments. Rhenium gaskets pre-indented to ~40 um in thickness
were drilled at the center to form the sample chamber with a
diameter of ~200um. A piece of Bi;sSbysTe;gSe;, was
cleaved and then placed near the center of the sample chamber,
along with a ruby sphere used as the pressure indicator. The
shift of ruby R, line was used to calibrate the pressure in situ
with uncertainty of <1%.%"* Neon pressure medium was
loaded at the Mineral Physics Lab at the University of Texas at
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Austin. The thermal conductivity of Ne PTM at the pressure
range used in this work is above 0.3 W/m K, which is larger
than the thermal conductivity of methanol-ethanol mixture
PTM at ambient pressure.’**> Raman and ruby spectra were
collected using a Renishaw inVia Raman spectroscopy sys-
tem equipped with a 532-nm green laser and a 2400-line/mm
grating. To prevent thermal damage, laser power was
restricted to below 3mW. The spectral resolution of the
Raman spectroscopy is 1.2cm ™', and the spectrometer was
calibrated for each measurement within +0.5cm™' error
range using Si reference sample. Samples for X-ray diffrac-
tion (XRD) experiments were ground to form a randomly ori-
ented polycrystalline powder. An Au particle and ruby were
also loaded as pressure indicators. The XRD experiments
were conducted at GSECARS 13IDD beamline of the
Advanced Photon Source, Argonne National Laboratory.
X-ray diffraction patterns were collected at various pressures
using an X-ray beam of wavelength 0.3344 A and spot size of
2-3 um. Images of powder diffraction patterns were recorded
using a MAR345 CCD detector with pixel size 79 x 79 um?.
Obtained images were integrated using FIT2D.*® XRD pat-
terns were analyzed by Le Bail refinement method using
FullProf software.’’ Backgrounds of the XRD data were
modeled by selecting points manually to create a smoothly
varying background profile. Peak profiles of the XRD data
were modeled using Thompson-Cox-Hastings pseudo-Voigt
functions. For all XRD patterns, unit cell parameters and
half-width parameters were refined.

Theoretical calculations

Theoretical calculations were performed using first-
principles density functional theory (DFT)*® as implemented
in the Vienna Ab initio Simulation Package (VASP).39’40
Projector augmented wave (PAW)*'** pseudopotentials were
used to represent the ion—electron interactions. The Perdew-
Burke-Ernzerhof (PBE)* generalized gradient approximation
was used to approximate the exchange and correlation part
of the total energy. The kinetic energy cut-off for a plane
wave basis was set to 450eV. All electronic structure calcula-
tions were carried out on fully optimized special quasirandom
structures (SQS), generated using the Monte Carlo SQS tool
as implemented in Alloy Theoretical Automated Toolkit
(ATAT).** For feasible computations, the structures were mod-
eled at the composition Bi; sSby sTe; sSe; 5, which marginally
differs from the experimental composition Bi; 5Sby sTe; gSe; 5.
All the structures were fully relaxed by employing a conjugate
gradient scheme until the Hellmann-Feynman forces on the
atoms were less than 0.005eV/A. The topological invariant
quantity Z, was calculated by the method of evolution of
Wannier charge centers (WCC), as implemented in the
Z2Pack.* The evolution of WCC along ky, for example, corre-
sponds to the phase factor 0 of the eigenvalues of the position
operator projected onto the occupied subspace.*>*” The topo-
logical invariant Z, was then calculated by counting the num-
ber of crossings of any random horizontal reference line with
the evolution of 0’s, modulo two. The Bloch spectral function
in the computed angle-resolved photoemission spectroscopy
(ARPES) and surface projected band structure were calculated
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based on the iterative Green’s function method*® based on
the tight-binding Hamiltonian from the maximally localized
Wannier functions (MLWF),*” as implemented in the
WannierTools package.*’

RESULTS AND DISCUSSION
X-ray diffraction and the structures

X-ray diffraction patterns of Bi; sSbgsTe;gSe;, were
taken up to 45 GPa in order to study the structural behavior of
the quaternary alloy. Figure 1 shows the selected XRD patterns,
and all XRD patterns collected up to 45 GPa are provided in
supplementary material Fig. S1. The Bi; sSbgsTe; gSe, crys-
tallizes in thombohedral structure with space group R3m at
ambient pressure [Phase I; Figs. 2(a) and S2 (supplementary
material)]. With increasing pressure, the first structural phase
transition was observed in the pressure range of 13—15GPa,
where new X-ray diffraction peaks appeared and co-existed
with Phase I. Observed above the transition was a monoclinic
phase (Phase II) with space group C2/m [Figs. 2(b) and S3
(supplementary material)]. Further increase in pressure resulted
in an additional transition to a tetragonal 14/mmm phase [Phase
III; Figs. 2(c) and S4 (supplementary material)] at 22-24 GPa,
which persisted up to the highest pressure carried out in the
present study. This structural sequence observed is similar with
parent compound Bi,Ses.'®>® Unit cell volume per formula
unit for each of the three phases is fitted using a third order
Birch-Murnaghan equation of state (EoS) in Fig. 3(a).> 2
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FIG. 1. X-ray diffraction data of Bi; sSbysTe; gSe, at selected pressures.
Phase I, II, and III correspond to R3m, C2/m, and 14/mmm phases, respec-
tively. Peaks marked with # and * indicate the emergence of C2/m and 14/
mmm phases, respectively. Major peaks from each phase are marked with
hkl indices. Inset shows the enlarged view around 7.7° at 22 GPa.
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FIG. 2. The unit cells (left) and the corresponding Brillouin zones (right) of
quaternary alloy Bi; sSby sTe; sSe; s in three different phases, (a) R3m, (b)
C2/m, and (c) I4/mmm. Orange arrows in the Brillouin zones represent
high-symmetry directions for band structures.

Volume collapse of 3.52% and 2.32% was observed across
the first and second phase transitions, respectively. Bulk mod-
ulus at ambient conditions (K), first derivative of the bulk
modulus at ambient conditions (K,'), and zero pressure vol-
ume per formula unit (V,/Z) for the three phases are given in
Table 1. Ky values obtained for Bi; sSbgsTe; gSe;, in phase
R3m, C2/m, and I4/mmm were 52(2), 61(2), and 66(6) GPa,
respectively. For phase R3m and C2/m, K, values are compa-
rable to reported bulk moduli of parent compound Bi,Se;
(48-53 GPa, and 60-64 GPa, respectively), despite the com-
position closer to Bi2Te3.16’5O In the I4/mmm phase, however,
K, for Bi; 5Sby sTe; gSe; » is observed to be much lower com-
pared to Bi,Ses. It is suggested that alloying with Sb,Te; does
not alter the structure but dramatically softens the 14/mmm
phase. It is notable that a few weak peaks coexisting with
phases C2/m and I4/mmm in the pressure range of 16 to
30GPa were observed. These peaks could presumably be
attributed to the C2/c phase, but they are too weak to draw a
definitive conclusion.

Figures 3(b) and 3(c) show the normalized lattice param-
eters and axial ratio c/a as a function of pressure for the ambi-
ent R3m phase. We have also fitted pressure-dependent a and
¢ lattice parameters using a modified Birch-Murnaghan EoS,
as shown in Fig. S5 (supplementary material).'®>® The K.o
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FIG. 3. (a) Unit cell volume as a function of pressure, fitted using a third-
order Birch-Murnaghan equation of state. (b) Normalized @ and c¢ lattice
parameters and (c) axial ratio c/a as a function of pressure for ambient rhom-
bohedral R3m phase of Bi; sSbg sTe; sSe; ».

and K, o values were 56(4) and 47(2) GPa, respectively. Due
to the anisotropy of compressibility between intra-quintuple
layers (QL) and van der Waals type inter-QL, the axial ¢
parameter is more compressible than the axial a parameter.'?
However, c/a ratio showed an anomalous minimum at
~7GPa. Anomalous minimum followed by an increase in
the c/a ratio is frequently regarded as indicative of ETT
or Lifshitz transition, despite existing debates on the ori-
gin.'®?%33-36 polian et al.>® reported for Bi,Tes that the c/a
anomaly is due more to the pressure variation, or EoS
anomaly, of the in-plane lattice parameter rather than the out-
of-plane lattice parameter. In Bi; sSbysTe; gSe;,, the c/a
anomaly was observed at a higher pressure (~7 GPa) that is
comparable to the value of ~8.2 GPa at which the theoretical
calculations predict an isostructural ETT from a topological
insulator to a three-dimensional DSM. Raman spectra as a
function of pressure, as discussed latter, also revealed signifi-
cant changes in the linewidths at ~7 GPa. Based on these
observations, it is surmised that the ¢/a anomaly in the quater-
nary alloy is also related to an isostructural transition of topo-
logical origin.

DFT results

To confirm the experimentally observed phase transi-
tions as a function of pressure, different phases were mod-
eled using the special quasirandom algorithm (SQS),””®
which is a very useful modeling approach especially for the

TABLE I. Bulk modulus (K,) and first derivative of bulk modulus (K’,) at
ambient conditions, and zero pressure volume per formula unit (V,/Z) for all
the three phases of Bi; 5Sbg sTe; gSe ».
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case of disordered alloys. These SQSs mimic the relevant
local atomic structure of the random alloy, thereby providing
a complete representation of its electronic structure.’’ In the
present work, the SQSs are generated for three different
phases of the quaternary alloy, namely R3m, C2/m, and 14/
mmm. The choice of the size of the supercell to generate the
periodic structure (having integer number of each element
after generating the supercell) depends on the concentration
of each element in the alloy. To handle the system computa-
tionally, the minimum possible supercell size of 2 x 2 x 2 is
taken for all the three phases with the alloy concentration of
Bi; 5Sby sTe; sSe; s, instead of Bi; 5Sby sTe; gSe; ».

The primitive unit cells of the SQSs in the three phases
R3m, C2/m, and 14/mmm and the corresponding Brillouin
zones are shown in Figs. 2(a)-2(c). The total number of atoms
in the unit cell are 40, 80, and 40 for R3m, C2/m, and 14/
mmm, respectively, where in each of these phases, 25% of the
total Bi sites are replaced by Sb atoms and 50% of the Te sites
are replaced by Se atoms in the primitive unit cells of Bi,Te;
using quasi-random approach. These structures are then
relaxed, and the optimized parameters are a =b=c =20.7 A;
a=84A, b=169A, c=20.14A; and a=b=c=202A for
R3m, C2/m, and I4/mmm, respectively. Since we have used a
primitive cell for the DFT calculations, we can only compare
the bulk modulus, its pressure derivative, and the volume per
formula unit for these phases, instead of lattice parameters.
These values are summarized in Table II. The slight difference
from the experimentally reported values (Table I) may be due
to the difference in the concentration of modeled system from
the experimental one. Further, the phase transitions between
these phases are determined by calculating the energy/f.u. as a
function of the volume/f.u., as well as the enthalpy difference
relative to R3m phase as shown in Figs. 4(a) and 4(b). The
ambient pressure phase R3m undergoes a phase transition at
13.7GPa to C2/m phase. On further increase in pressure, a
second phase transition to I4/mmm phase occurs at 24.7 GPa.
The transition pressures match closely with the experimental
results.

To investigate the electronic and topological properties,
electronic band dispersions were calculated. The electronic
band structures for the R3m phase with and without spin-
orbit coupling (SOC) are shown in Figs. 5(a) and 5(b), and
the band structures for the two high pressure phases are
shown in Fig. S7 (supplementary material). The ambient
pressure phase is a direct band gap semiconductor without
SOC. However, due to the presence of heavy elements, the
dispersion of states both in the valence and conduction bands
are affected by the inclusion of SOC, causing the phase to
become an indirect band gap semiconductor. Interestingly,

TABLE II. Theoretically calculated Bulk modulus (Kj), and first derivative
of bulk modulus (K’y) at ambient conditions, and zero pressure volume per
formula unit (V/Z) for all the three phases of Bi; 5Sby sTe; sSe; 5.

Phase K, (GPa) Ky VolZ (A% Phase K, (GPa) Ky VolZ (A%
R3m 52(2) 4 152.1(7) R3m 44.81 4.11 158.30
C2/m 61 (2) 2.4(2) 146.4 C2/m 53.32 3.26 149.55
4/mmm 66 (6) 4 134 (2) 4/mmm 55.14 4.65 145.63



ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-123-032812

J. Appl. Phys. 123, 115903 (2018)

—R3m
— C2/m | FIG. 4. Calculated (a) total energy per
— [4/mmm formula unit (f.u.) as a function of vol-

ume and (b) enthalpy difference per

formula unit relative to ambient phase
R3m as a function of pressure for the
three phases. The total energy and
enthalpy difference is per formula unit.
The pressure corresponding to volume
e is calculated using third-order Birch-
Murnaghan isothermal equation of
state.
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the orbital contribution also changes its order across the
Fermi level around the I" point when SOC is applied. In the
absence of SOC, the valence band maxima (VBM) at the I
point has major contributions from Te-p, and Se-p, orbitals,
and minor contribution from Bi-s orbitals (maximum contri-
bution from Bi-p, orbitals), whereas the conduction band
minima (CBM) has large contribution from the Bi-p, orbital,
as shown in the inset of Fig. 5(a). When SOC is applied, the
valence bands around the I" point acquire major contribution
from Bi-p, orbital and the conduction bands from Te-p, and
Se-p, orbitals, as presented in the inset of Fig. 5(b). This
indicates the inversion in the band character between the p,-
orbitals of the atoms in the alloy with the inclusion of SOC.
Hence, the quaternary alloy in its parent phase is a topologi-
cal insulator even after alloying Bi,Te; with Se and Sb. The
non-trivial topology in the parent phase is further confirmed
by topological invariant Z, through the evolution of Wannier

20 25 30 35
Pressure (GPa)

charge centers. The Z, for this phase is 1, and thus has non-
trivial topology.

To benchmark the reliability of our predictions, we fur-
ther calculated Z-terminated (001) Bloch spectral functions
with SOC for bulk as well as for both bulk and surface, based
on the idea of the bulk-edge correspondence of topological
insulators.*’ The tight-binding model, based on maximally
localized Wannier functions, reproduces the DFT band struc-
ture, as shown in Fig. S6 (supplementary material) and simu-
lates the ARPES with the calculated surface density of
states. The computed ARPES in Fig. 5(d) clearly shows the
Dirac cone-like surface states, thereby confirming the non-
trivial topology.

Having determined the ambient pressure phase to be a
topological insulator and the higher pressure phases as nor-
mal metals, we are thus interested in determining the evolu-
tion of the band structure and the electronic topology of the
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FIG. 5. Band structure of
Bil_5Sbo_5Tel_5Sel_5 Rgm phase (a)
before and (b) after inclusion of spin-
orbit coupling (SOC). The insets show
the inversion of the major orbital con-
tributions and the character of bands
near the I' point, before and after
including SOC. Calculated (001)
Bloch spectral function with SOC for
(c) the bulk only and (d) both surface
and bulk. The Bloch spectral function

simulates the angle-resolved photo-
emission  spectroscopy using the
Wannier function-based tight-binding
approach. The dark blue and dark red
indicate the minimum and maximum
intensity of the computed ARPES,
respectively. The cyan lines near the
Gamma point in (d) depict the surface
state contribution as a Dirac cone.
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R3m phase before it undergoes its first phase transition.
Hence, the band structures in the R3m phase at various pres-
sures are examined, and selected band structures at particular
pressures are shown in Fig. 6. As discussed previously, at
zero pressure, the quaternary alloy is a topological semicon-
ductor, with indirect bulk band gap having VBM at Z|N and
CBM at M|R. With an increase in pressure, the conduction
bands start to move down along Z|N direction, whereas the
CBM along M|R direction starts to move up slightly. At
5.80 GPa, the alloy becomes a direct band gap semiconduc-
tor, with both VBM and CBM at the Z|N high symmetry
point. Upon further increase in the pressure, the dispersion
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along the Z|N-T" high symmetry direction comes closer to
the Fermi-level, whereas the remaining states are gapped
along the other high symmetry directions. At 8.24 GPa, the
band gap along the Z|N-T" direction vanishes completely,
creating a linear touching of bands. The ambient topological
phase of quaternary alloy thus undergoes a transition to a
non-trivial Dirac semimetal (DSM) state. Accordingly, the
surface state will mix with bulk state and lose its topologi-
cally protected state as the bulk band gap collapses.''>® On
increasing the pressure above 8.24 GPa, the states causing
the linear dispersion start to move up above the Fermi level,
as the states along other high symmetry directions move

P =4.68 GPa

MRI X T

ZN T

MRT

I' ZN

FIG. 6. The evolution of the band structure of Bi; sSb, sTe; sSe; s in the R3m phase as a function of pressure.
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closer to the Fermi-level. At 12.09 GPa, which is below the
first phase transition pressure to the C2/m phase, the system
becomes a normal metal. The band dispersions for the high-
pressure C2/m and I4/mmm phases show topologically triv-
ial and metallic behavior (Fig. S7, supplementary material).
It is notable that since DFT has a tendency to underestimate
the band gap, and the modeled system has slightly different
concentration than the experimental one, the theoretical val-
ues of the band gap, bulk modulus as well as the transition
pressures will be slightly different from those observed
experimentally.

Raman spectra

Raman spectra were measured as a function of pressure
up to 30.7 GPa, and selected spectra are shown in Fig. 7(a).
The phase transitions were observed with good agreement

J. Appl. Phys. 123, 115903 (2018)

with XRD and theoretical predictions. At 10.1 GPa, two new
peaks denoted as P1 and P2 appeared at 25-50cm ™', clearly
indicating the first phase transition. Peak P3, which is rela-
tively isolated and well-defined, also showed abrupt changes
in its FWHM and intensity with the transition (Fig. S8, sup-
plementary material). At 24.1 GPa, all the features in the
Raman spectra vanished, confirming the second phase transi-
tion to the disordered I4/mmm phase. It should be noted that
Raman spectroscopy probes the material close to the surface,
in contrast to XRD, and it is therefore likely that the phonon
spectra from the surface layer are more affected at the onset
of the transition.

Listed in Table III are the observed Raman peak posi-
tions derived from Lorentzian fitting of the line shapes. The
R3m phase has two transverse (Ey) and two longitudinal
(A) Raman-active zone-center phonon modes, and the C2/m
phase has 15 Raman active modes (10A, + 5B,).'®!7!-7%%0
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FIG. 7. (a) Raman spectra of the quaternary Bi; sSbg sTe; gSe; » alloy at selected pressures. Peak positions and FWHM of peaks are obtained by Lorentzian fit-
ting of the observed Raman line shapes, as illustrated at 1.9, 10.1 and 15.6 GPa. Green and red lines represent individual Lorentzian fits and sum of the fitted
peaks, respectively. (b) Raman peak positions as a function of pressure. Vertical dashed line indicates the first appearance of phase transition. Raman shifts of
modes (c) P3 and P4, and (d) P7 and P8 as a function of pressure (GPa) are enlarged, showing changes of pressure coefficient in P3 and P4. The vertical error

bars in (c) and (d) are errors of Lorentzian fitting.
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TABLE III. Raman modes observed in Fig. 7.

‘Wavenumber Proximity to observed modes in
Peak (em™h binary compounds'!+'¢:17:19-61.64.67
Pl 29 (10 GPa) Ay or By (C2/m)
P2 43 (10 GPa) Ai, orB1 (C2/m)
P3 72 A} B
P4 116 E
P5 133 E;
P6 158 A,
P7 172 A3,
P8 225 Chalcogen A,

Alloying can induce continuous shift of the Raman frequencies
with the composition (one-mode behavior), discontinuities and
peak splitting for intermediate value of composition (two-
mode behavior), or disorder-related modes. 13.61.62 The E ! and
Al modes exhibit one-mode behavior upon metal or chalco—
gen alloying, whereas E} and A7, modes exhibit two-mode
behavior upon chalcogen alloymg 3 1n this regard, the fre-
quencies and number of Raman peaks of Bi; sSbgsTe; gSe; »
are not necessarily identical to those of binary end members.
For example, P3 could be assigned as A} . mode based on the
proximity of the frequency. However, it is unlikely a mode
from a specific binary compound, but likely originated from a
continuous frequency shift with respect to the compositional
alloying. On the other hand, P4-7 are results of both one-mode
and two-mode behavior. By comparing the frequencies to the
binary end members and close component BiSbTe,Se, it is
suggested that P4-5 and P6-7 have originated from E2 and A

modes, respectively.®"** The large (small) pressure coefﬁc1ent
of P4 (P7), which will be discussed shortly, also confirms the
origin of the Raman modes. 16-1929 p1 and P2 peaks in C2/m
phase are suggested to be Al or B1 mode, based on the fre-
quencies and their neghglble pressure dependence. '
Further theoretical and experimental work is suggested to iden-
tify the origin of the two peaks. The highest energy mode (P8)
at ~225cm " is likely a chalcogen A; mode, which is a sign
of crystallized chalcogen defects.®>®” Note that due to the
notably weak intensity and high frequency, the influence of P8
on the analysis of P1-7 is marginal. Also, P8 does not show a
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monotonic increase in its intensity (inset of Fig. S9, supple-
mentary material) despite repeated Raman measurements on
the same spot, which implies that the laser beam does not
induce ongoing damage to the sample.

Figure 7(b) shows the positions of the Raman peaks P1-
P8 as a function of pressure. Peaks P3-P7 hardened with
increasing pressure, due to the decreasing bond lengths under
pressure. The peak positions of selected peaks up to ~9 GPa
are enlarged in Figs. 7(c) and 7(d). P8 showed clear redshift
with a pressure coefficient of —2.88 cm ™' GPa ™' [Fig. 7(d)],
in good agreement with previous reports.®>®” From linear
fits of regions below and above 4 GPa, the pressure coeffi-
cients of P3 and P4 exhibit clear decrease, whereas those of
P7 and P8 show very little change. The changes in pressure
coefficients are also observed for the A1 and E2 modes of
binary Bi,Tes,!” Bi,Ses,'® and Sb,Tes," speculated to be an
indication of an isostructural ETT or Lifshitz transition.
However, our DFT calculations do not reveal any anomalous
topological behavior near ~4 GPa, other than the indirect-to-
direct (I-to-D) band gap transition at ~5.80 GPa (Fig. 6). Bera
et al. related the pressure coefficient change in Bi,Se; to an
isostructural transition featuring rapid decrease in c/a ratio and
increase in internal bond angle o.”” However, such changes in
a-axis and c-axis compressibility could be related to the rapid
and heterogeneous changes in band structures, such as rapid
lowering of VB, particularly at Z|N direction. Further studies
are warranted to identify the origin of the pressure coefficient
change of the Raman modes in Bi; sSby sTe; gSe; 5. It is nota-
ble that the Ne pressure medium crystallizes at 4.8 GPa, but
non-hydrostaticity starts to develop only at higher pressures of
15-20 GPa.**** Also, considering the stable FWHM of P3, the
crystallization of Ne medium is unlikely to cause the pressure
coefficient change. Thermal shifting of the Raman peaks could
be also ruled out since the Eﬁ and A%g modes in Bi,Te; family
have similar temperature-deﬁendent shifts.®

The FWHMs of the peaks P4-P7 from Bi; sSby sTe; sSe; 5
are shown in Fig. 8, with linear fits. The FWHMSs of P4 and
P5 peaks were suppressed up to ~7 GPa and increased sub-
stantially in the pressure range 7-11GPa. The FWHMs
reached maxima at ~11.5 GPa, followed by rapid decreases.
Considering that the increase in FWHMs is rather gradual

40 PR TP WU RPN N NP RPN R |

b
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FIG. 8. FWHM of Raman peaks (a) P4 and P5, and (b) P6 and P7 as a function of pressure (GPa). The vertical error bars are errors of Lorentzian fitting.
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compared to the abrupt changes in P1-P3 with phase transition,
and the fact that the FWHMSs decrease after the maxima, the
peak broadenings are unlikely due to the emergence of the
new phase. Instead, in the sense that the linewidth of Raman
peaks is a measure of electron-phonon coupling (EPC), the
changes in FWHMs as a function of pressure imply an abrupt
increase in EPC.”%7! The anomalous FWHM jumps in P4 and
PS5 in the pressure range 7—11 GPa coincide with the ¢/a anom-
aly from XRD and the transition to a DSM state from DFT cal-
culations. It is suggested that the increase in the EPC assists
phonon-mediated renormalization of the electronic structure,
and leads to the DSM state and elimination of surface states.”>
The FWHM anomalies were absent in P6 and P7, which we
have attributed to longitudinal vibrations, supporting the con-
tention that the ETT signature is related more to the in-plane
than the out-of-plane characteristics.*’

Discussion

Figure 9 summarizes reported structural phase transi-
tions, TI states, and reported anomalies of Bi,Te,, Bi,Ses,
Sb,Tes, SbySes, and Bi; 5Sbg sTe; gSe;» (from this study) as
a function of pressure.'420-2227-2930-3573-77 The first struc-
tural phase transition of Bi; sSbysTe; sSe;», from R3m to
C2/m at 13—15 GPa, is consistent with that reported in other
binary compounds such as Bi,Tes,'””® Bi,Ses, %7477 and
Sb,Tes.!>'%7 Interestingly, the structural transition is
observed at a higher pressure than the binary end members
(~7-10GPa). The delayed structural transitions could be

30..
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20..

15..

Pressure (GPa)

10..

Bi,Se,

Sb,Te,
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attributed to the atomic disorders within the pnictogen and
chalcogen layers. Nam et al. have reported that with introduc-
tion of Sb, the pnictogen layer develops a random distribution
of Bi/Sb atoms. In addition, disordered chalcogens could con-
tribute to the disordered topography, possibly up to ~1% of
c-lattice constant.®® The second structural phase transition of
Bi; 5SbysTe gSe; » to [4/mmm phase resembles the structural
transition of Bi,Se;. Although the composition of the alloy is
closest to Bi,Tes, introduction of Se resulted in the I4/mmm
structure, instead of Im3m structure. The C2/c phase was not
as clearly observed in the Bi; sSbg sTe; gSe 5 as in Bi,Ses.”’
Comparable with the delayed first structural transition, the
¢/a ratio anomaly and Raman FWHM anomaly (noted in Fig.
9 as “p” and “w,” respectively) of the Bi; sSby sTe; gSe; , were
observed at higher pressures than those of the binary com-
pounds.'®'?2%2" The minimum in ¢/a ratio and FWHM anom-
aly have been observed below 5GPa in case of binary
compounds, compared to ~7 GPa in Bi; 5SbysTe; gSe;,. It is
conceivable that the c/a anomalies occur when the vdW-like
interlayer bonds are compressed enough to be as incompress-
ible as intra-layer covalent bonds, and a further increase in
pressure results in the structural phase transitions. In this sense,
the ¢/a anomaly could be regarded as a precursor to the struc-
tural phase transition. The ¢/a anomaly is also closely accom-
panied by the Raman FWHM anomaly, which likely promotes
the DSM state and dismantles the surface TI state. It could be
considered that the TI state is encased in the R3m crystal
phase, but only before the structural transition is imminent.

Topological Insulator

w = Raman linewidth

¢ = Raman pressure coefficient
s = Phonon softening

r = New Raman peak

p = lattice parameter ¢/a anomaly

Bi,Sb,Te;_Se,

Sb content (x)

0 1 2 3
Se content (y)

Sb,Se,

FIG. 9. Pressure-dependent phase diagram of Bi,.,Sb,Te;_,Se, binary compounds and Bi, 5Sby sTe; gSe; ;. Values for binary compounds are adapted from
references.'* 192259737577 yertical error bars indicate the variation of transition pressures from different reports. Regions dotted in red indicate TI states,
albeit the upper boundaries are not clearly defined. Reported anomalies that are attributed to have topological origin are marked as horizontal bars and charac-

ters as noted in the top right panel. Anomalies are adapted from references.
Bi.«SbsTe3.ySe, compounds at ambient conditions.

16-20,27-

293576 1 ower-right corner is a schematic showing the phase diagram of the
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CONCLUSION

We have carried out a detailed study of the effects of
hydrostatic pressure on the structural, vibrational, and topologi-
cal properties of topological insulator Bi; sSby sTe; gSe; , using
diamond anvil cell experiments combined with ab initio
density functional theory calculations. Two structural phase
transitions were observed up to ~30GPa: from the ambient
rhombohedral R3m phase to a monoclinic C2/m at ~13 GPa,
and to a disordered I4/mmm phase at ~22 GPa. A series of
electronic transitions were demonstrated within the R3m struc-
ture: (i) indirect-to-direct bulk band gap transition at ~5.8 GPa,
(ii) transition to 3D Dirac semimetal phase and vanishing of TI
state at ~8.2GPa, and (iii) transition to topologically trivial
metal at ~12 GPa. The occurrence of the DSM state following
c/a ratio anomaly and FWHM anomalies of in-plane Raman
modes suggests contribution of electron—phonon coupling to
the topological transition. By comparing with binary com-
pounds, the aforementioned anomalies are also suggested to be
precursors of the structural phase transition. Hydrostatic pres-
sure has proven to be effective in modulating crystal symmetry
and atomic bonds, and therefore capable of dramatically chang-
ing the electronic properties. This study on pressure-induced
structural and topological transitions in the Bi; sSbgysTe; gSe; »
provides deep insights toward understanding the surface state
properties and their relationship to crystal structure.

SUPPLEMENTARY MATERIAL

See supplementary material for the details of Le Bail
refinement of XRD patterns, calculated band dispersions of
high pressure phases, and intensity analysis of Raman
spectra.
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