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Phonon signatures of multiple topological quantum phase transitions in compressed TIBiS,:
A combined experimental and theoretical study
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We report the hydrostatic pressure induced two topological phase transitions in strong spin-orbit coupled
material TIBiS, at room temperature. Frequencies of the A;, and E, phonons are observed to increase
monotonically up to ~4.0 GPa, but with a clear slope change in A, mode at ~1.8 GPa. Interestingly, there
are two clear anomalies noticed in phonon linewidths of E, mode at pressures ~0.5 and ~1.8 GPa. Such
anomalies are evidence of isostructural electronic transitions associated with unusual electron-phonon coupling.
The high-pressure synchrotron powder diffraction and Raman show a first-order phase transition above 4 GPa.
First-principles density functional theory-based calculations of electronic band structure, topological invariant
Z, and mirror Chern number n,, reveal that the phonon anomalies at ~0.5 and ~1.8 GPa are linked to the
band inversions at I' and F points of the Brillouin zone respectively. The first band inversion at I point at
~0.5 GPa changes the Z, from 0 to 1 leading to the transition of TIBiS, system into a topological insulator.
The second band inversion at F point at ~1.8 GPa results in ny = 2, revealing a transition to a topological
crystalline insulating state. Therefore the applied pressure systematically tunes the electronic states of TIBiS,
from a normal semiconductor to a topological insulator and finally into a topological crystalline insulator at two
distinct pressures of ~0.5 and ~1.8 GPa respectively, before undergoing a structural phase transition at ~4 GPa.
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I. INTRODUCTION

Topological insulators (TIs) are a new kind of electronic
state of matter which has spin polarized conducting states at
their surface and insulating states in its bulk. The existence
of time-reversal symmetry gives the protection to the topolog-
ical surface states against nonmagnetic impurities or defects
[1]. TT has potential applications in spintronics and quantum
computation devices. Apart from these, TI also offers the
useful platform for realizing quantum particles like Majorana
fermions in the condensed matter system [1]. At first, theo-
retical prediction of TI has been made in HgTe/CdTe quan-
tum wells [two-dimensional (2D)] [2] and then subsequently
experimentally observed [3]. Soon after this discovery, TI in
3D bulk materials [various strong spin-orbit coupling (SOC)
systems] has been theoretically predicted [4] and confirmed
using angle-resolved photoemission spectroscopy (ARPES)
at ambient conditions [5-7]. Interestingly, some narrow band
gap materials (at ambient conditions) with strong SOC can
be tuned to a TI by external strain [8,9]. The nonadiabatic
process in which the normal bulk insulator can be tuned
into a TI is called the topological quantum phase transition
(TQPT). During the TQPT, the topological invariant quantity
Z, characterizes the changes in the electronic state of the sys-

*Corresponding author: cbhas@jncasr.ac.in

2469-9950/2019/99(18)/184109(12)

184109-1

tem (Z, = O trivial insulator and Z, = 1 nontrivial insulator)
[1,10]. The Z, is the product of parities at the time-reversal
invariant momenta (TRIM) point of the Brillouin zone (BZ) of
the system. In general, the strain can be applied to the system
either by chemical (doping or substitution) or physical meth-
ods (lattice compression). Compared to the chemical route
which induces chemical disorder (inhomogeneities) in the
system, a physical route is cleaner (no atomic scale chemical
inhomogeneities) and is thus more appropriate.

Another interesting class of materials are called as topo-
logical crystalline insulators (TCI) [11,12], where the gapless
surface states are protected by mirror symmetry. These materi-
als are different from TI in which the time-reversal symmetry
protects the surface states and hence the protection of surface
states for TCI perseveres even when time-reversal symmetry
is broken. The presence of mirror symmetry in the crystal
structure of a material results in the presence of planes in
the BZ that are mirror symmetric. Therefore mirror symmetry
protected Dirac cones arise in the surface electronic structure.
TClIs are characterized by a nonzero mirror Chern number.
The individual Chern numbers C; and C_; are defined on a
mirror-invariant plane. The mirror Chern number [11] defined
as ny = (C4; — C_j)/2 can be used as a topological invariant
for TCI. A TCI supports an even number of Dirac cones and
band inversions in sharp contrast to a TI characterized by odd
number of band inversions. The first TCI state experimental
[13] observation was made in SnTe, which were earlier theo-
retically [14] predicted.
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The narrow band gap tetradymite semiconductors Bi,Ses
(band gap E, = 0.30eV), Bi,Te3 (E; = 0.12eV), and Sb,Te;
(E, = 0.28eV) crystallize in rhombohedral structure (space
group SG: R3m) and are 3D TI at ambient conditions with
surface states consisting of a single Dirac cone at the I" point
of the BZ [4-7]. In the tetradymite semiconductors family, the
Sb,Se; is having the larger band gap (E; ~ 1eV) and lesser
SOC strength than remaining members (BiSes, Bi;Tes, and
Sb,Tes). There are no topologically non-trivial states present
at ambient conditions in Sb,Ses. It is well known that the
thermodynamic parameter pressure P can tune the strength
of the SOC and also the band gap. Interestingly, hydrostatic
pressure induced band inversion with parity change at I point
in the SbySe; compound has been theoretically predicted
[15] and then subsequently phonon anomalies are noticed at
~2.5GPa [16]. Similarly, thallium based III-V-VI, ternary
chalcogenides TIBiSe, (E, = 0.28¢eV) and TIBiTe, (E, =
0.11eV) crystallize in rhombohedral structure (SG: R3m)
and are 3D TI at ambient conditions [17]. In this family,
TIBiS; (E, = 0.42¢V) is having relatively higher band gap
and lesser SOC than TIBiSe; and T1BiTe, compounds. Under
the application of external strain, the TQPT is theoretically
predicted in the TIBiS, system [18]. The above two examples
(tetradymite semiconductors and thallium based III-V-VI,
ternary chalcogenides) illustrate the interplay between the
crystal symmetry, band gap, and SOC. In other words, when
the compound of 3D TI family shares the same crystal and
electronic structure, but lacks the band gap and SOC, and then
pressure can serve as an ideal external tool to induce the band
inversion in it.

Thallium based III-V-VI, ternary chalcogenide TIBiS,
is the narrow band gap semiconducting material and has
significant interest on the aspect of thermoelectric and
topological properties under different conditions [18]. Even
though TIBiS, share the same crystal structure (SG: R3m)
as tetradymite compounds (Bi,Ses;, Bi,Tes;, and Sb,Te3),
there is a considerable difference exists between them. The
tetradymite semiconductors consist of quintuple layers stack-
ing along the c axis, and each quintuple layers are separated
by weak Van der Waals type interactions and therefore it is
a quasi-2D nature. In TIBiS,, each Tl (or Bi) layer is sand-
wiched between the two S layers. However, strong coupling
exists between the two layers and makes it intrinsically 3D
natures [18,19]. Recently, it is observed that the substitution
of Se (x ~0.5) at S site [TIBi(S;_,Sey),], leading to the
formation of a single Dirac cone at the I" point [20]. Here,
the substituted Se (i) increases the effective SOC strength of
TIBiS; compound without changing the crystal structure, and
(ii) decreases the band gap. Consequently, nontrivial topolog-
ical phase transition (Z, = 1) is observed in [TIBi(S|_,Sey),]
at ambient pressure. This interesting chemical approach
strongly stimulated us to perform the high-pressure studies
on TIBiS,. Because the substitution of Se is analogous to
the externally applied pressure which can also possibly tune
the effective hybridization, the relative strength of the SOC,
band gap, and topological invariant Z,. To support our intu-
ition further, recently, first-principles theoretical calculations
predicted the topologically nontrivial phases in rhombohedral
phase (SG: R3m) of TIBiS, under different strain effects
(uniaxial, biaxial and hydrostatic strains) [18]. However, to

the best of our knowledge, to date, there is no strain dependent
experimental work available on the TIBiS, compound in the
literature. Also, we would like to mention here that the hydro-
static pressure is effective, well controlled and experimentally
easily accessible strain using the diamond anvil cells (DAC).

To probe the band inversion, ARPES can be utilized which
directly provide signatures in the electronic band structure.
However, ARPES measurements under high-pressure condi-
tions using DAC are experimentally not feasible at present.
But, the techniques like Raman scattering, synchrotron x-ray
diffraction (XRD), and transport measurements can provide
the indirect experimental signatures of topological transitions
[9,16,21-23]. When theoretical calculations applied together
with such indirect experimental techniques, it is possible to
shed light on the pressure induced topological transitions
[16,21,24]. In the present work, we have extensively used the
Raman spectroscopy for probing the indirect of signatures of
topological transitions in TIBiS,. During the topological tran-
sitions (TT and TCI), band inversions with parity changes are
expected. As a consequence of such band inversions, electron-
phonon coupling changes are noticed in several systems
[16,21,24,25]. Raman linewidth is one of the best indicators
for the electron-phonon coupling changes [16,21,24-26]. Re-
cently, the first-principles theoretical calculations established
the connection between the Raman linewidth and topological
(band inversion) transition [27]. In specific, it is shown that
the square of the energy-resolved electron-phonon matrix ele-
ments is directly related to Raman linewidth [27]. Therefore,
signatures of topological transitions (band inversions) will
be strongly replicated in electron-phonon coupling changes
(i.e., Raman linewidth) and thus provide a good indicator
for detecting the indirect signatures of topological transi-
tions. Particularly, for the centrosymmetric crystal, the long-
wavelength optical phonon (¢ = 0) can effectively couples
to electrons either through anticommutation or commutation
with an electronic parity operator [27]. Therefore topologi-
cal invariant changes (band inversions) are reflected in Ra-
man linewidth. Based on the above mentioned principle, the
topological transitions are experimentally evidenced through
phonon linewidth anomalies in some specific systems such
as BiTel, Sb,Ses, 1T-TiTe,, 1T-TiSe,, and black phosphorous
[16,21,22,24,25]. In fact, these compounds were theoretically
predicted as the pressure induced TIs using the band struc-
ture calculations [8,15,28-30]. So, the established theoretical
calculations [27] and experimental measurements on various
systems [16,21,22,24,25] clearly illustrates the importance of
using Raman scattering for detecting the topological transi-
tions. It is also noteworthy that the Shubnikov—de Haas oscil-
lations measurements [31] on BiTel single crystal signatures
the TQPT through the Fermi surface shape changes under
pressure, which ascertain the earlier claim of topological
transitions using Raman linewidth anomalies on this system.
Hence, it will be interesting to explore the possibility of
hydrostatic pressure tuned topological phase transitions in
TIBiS, using Raman scattering complemented with the syn-
chrotron XRD measurements and theoretical first-principles
calculations.

In this paper, we have investigated the pressure depen-
dent structural and vibrational properties of the rhombohedral
phase of TIBiS, compound using in situ synchrotron XRD
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and Raman scattering measurements respectively. Combined
Raman and synchrotron XRD results indicate that the rhom-
bohedral phase shows the structural stability up to ~4.0 GPa
and beyond which the first-order structural phase transition
takes place. Further, two isostructural electronic transitions
are observed from phonon (E; and Aj) anomalies at ~0.5
and ~1.80GPa and corroborated with our first-principles
theoretical calculations to TQPT (Z, = 1) and TCI (ny, =
2) transitions, respectively. Finally, the significance of the
obtained results is discussed in connection with other known
pressure induced topological materials.

II. EXPERIMENTAL DETAILS

The pure phase of TIBiS, single crystal was synthesized by
Bridgeman method and details are given in Ref. [32].

Raman spectra were recorded using LabRam HR evolu-
tion (Horiba) micro Raman spectrometer in the backscat-
tering geometry (180°). This commercial Raman spectrom-
eter equipped with a solid-state four level laser (Nd:YAG,
wavelength 1 = 532nm), 800 mm focal length monochro-
mator, and Peltier cooled CCD detector. The resolution of
the spectrometer is about ~0.8 cm™! for the grating of 1800
groves per mm and 200 um entrance slit width. The in situ
high-pressure Raman scattering measurements were carried
out using a typical Mao Bell DAC with the culet size of
400 um. The stainless steel (T301) was used as a gasket
material, and it was preindented to the thickness of about
60 um. The pressure was determined by the ruby fluorescence
method [33]. The methanol:ethanol (4:1) mixture was used
as the pressure transmitting medium (PTM) which maintains
the hydrostatic condition up to 10.5 GPa [34]. The typical
accumulation time of each spectrum was about 25 minutes.
The laser power was kept at a lower value (<0.5mW)
which prevents the sample from laser induced damage and
oxidation.

The in situ high-pressure XRD measurements were per-
formed using Mao Bell DAC at Xpress beamline of the Elettra
synchrotron radiation facility, Trieste, Italy. The wavelength
(A) of the synchrotron radiation used is ~0.50070 A. The
MAR-345 imaging plate detector is used for the present
experiment. Initially, the sample to detector distance was
calibrated with a LaB¢ sample and found to be ~271.38 mm.
The gasket preparation, pressure calibration and PTM used
are the same as above mentioned in the case of high-pressure
Raman scattering experiments. Typical accumulation time for
each collected synchrotron XRD pattern is 10 minutes. The
collected two-dimensional (2D) diffraction image patterns
were converted to one-dimensional (1D) patterns (intensity
versus 26) using the fit2D software [35]. The Le Bail method
fitting of the powder XRD patterns was performed using the
FULLPROF software [36].

III. COMPUTATIONAL METHODS

Our first-principles theoretical calculations are based on
density functional theory (DFT) employing the QUANTUM
ESPRESSO (QE) code [37]. We used a generalized gradi-
ent approximation (GGA) [38] to the exchange-correlation
energy functional as parametrized by Perdew, Burke, and

Ernzerhof (PBE) [39]. The projector augmented wave (PAW)
potentials [40] with valence configuration 4f'* 65> 6p' 5d'°,
4114 652 6p® 5d'°, and 4d'° 55* 5p* were adopted for TI, Bi,
and S, respectively. Electronic wave functions and charge
density were represented in plane wave basis sets truncated
with cutoff energies of 55 and 550 Ry respectively. The
discontinuity in occupation numbers of electronic states was
smeared using a Fermi-Dirac distribution function with broad-
ening of kg7 = 0.003Ry and integrations over BZ were
sampled on a uniform 6 x 6 x 6 mesh of k points. In the
simulation of pressure-dependent properties, we used scalar-
relativistic PAW potentials to optimize the structure with re-
spect to lattice constants and atomic coordinates. The structure
was optimized to minimize the enthalpy, H = E + PV at a
given pressure. We used scalar relativistic potentials since
minimization of stresses using fully relativistic pseudopo-
tentials of the above form are not possible. The effect of
SOC was included by taking the atomic coordinates of the
structure optimized using scalar relativistic potentials as the
initial structure to further minimize the forces on atoms using
fully relativistic potentials. The scheme mentioned above was
adopted for structure optimization where first both stresses
and forces were reduced using scalar relativistic PAW po-
tentials followed by minimization of forces using fully rela-
tivistic PAW potentials. Electronic structure calculations were
performed using fully relativistic pseudopotentials [41] since
for this class of materials; SOC plays a crucial role in the
formation of topological states and has significant strength.
We used scalar-relativistic PAW potentials in the calculation
of phonons. Electronic spectrum was determined at Bloch
vectors along high-symmetry lines (I'- L- Z- F- I'-Z) in
the BZ. Lattice dynamical properties were determined using
density functional linear response (called as density functional
perturbation theory [42]) as implemented in the QE package
[37]. To obtain phonon dispersion, dynamical matrices were
obtained on a 2 x 2 x 2 ¢ points grid in the BZ. We Fourier
interpolated these dynamical matrices to obtain the phonon
dispersion along high symmetry lines (I'- L-Z-F-I"-Z) in the
BZ. To determine the bulk electronic topology of TIBiS,, we
used Z2PACK code [43] to calculate the Z, topological invari-
ants and mirror Chern number (7,,). This code uses hybrid
Wannier functions [44,45] and employs the ideas of time-
reversal polarization in the determination of the Z, invariants.

IV. RESULTS
A. Ambient characterization

At ambient conditions, TIBiS, adopts the rhombohedral
structure with TI'*, Bi**, and S?>~ atoms occupying 3a,
3b, and 6¢c Wyckoff sites, respectively. The schematic of
the unit cell of TIBiS, is shown in the Fig. 1(a). In this
centrosymmetric structure, both Bi and TI site act as the
inversion center. The Rietveld refinement of the ambient XRD
pattern of TIBiS; is shown in the Fig. 1(b). The calculated
lattice parameters are a = 4.1083 A, c = 21.8660 A, andV =

319.61 A3 which agrees well with the previous literature [46].
The refined atomic fractional coordinates of T1, Bi, and S are
(0,0,0.5), (0,0,0), and (0,0,0.2624), respectively. Here the only
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FIG. 1. (a) Unit cell of the hexagonal (supercell) phase of TIBiS, (blue, violet, and red spheres represents the Tl, Bi, and S atoms,
respectively) and (b) Rietveld refinement of the XRD pattern for TIBiS, at ambient conditions (A = 0.50070 A).

free positional fractional coordinate is z of the S atom, and it
controls the hybridizations between the two layers.

According to group theoretical analysis, the rhombohedral
structure (Dg ) of TIBiS; compound has 12 zone center
phonon modes:

I' = Alg + 3A2u + 3Eu + Eg.

Here, there are two Raman active modes (Ag + E;) and
four infrared (IR) active modes (2A;, + 2E,). The acoustic
phonon I'youstic = Aoy + Ey. The subscript g and u represent
the gerade and ungerade modes, respectively. Based on our
DFT based phonon mode calculations, the observed Raman
mode at ~211 and ~242cm~! are assigned to Eg and Ay,
symmetry respectively. The schematic of displacement pat-
terns for phonon modes is shown in the Figs. 2(b)-2(d). As
evident from Figs. 2(b)-2(d), the A, and E; mode represents

the out of plane (along c axis) and in-plane (along the ab
plane) vibrations respectively. The comparison between the
experimental and theoretical phonon frequencies are given in
the Table 1. Also, we have calculated the phonon dispersion
of TIBiS, at ambient conditions with and without SOC (see
Fig. S1 in Ref. [32]) and the results are discussed in Ref. [32].
Figure S1 shows the absence of negative frequencies in it
indicating the structure (thombohedral) is stable.

B. X-ray diffraction measurements under pressure

Typical XRD patterns of TIBiS, at selected pressure values
up to ~6.00 GPa are shown in the Fig. 3. As evident from
Fig. 3, the rhombohedral structure of TIBiS, is stable up to
~4.00 GPa. After that, the appearance of new Bragg peaks
above ~4.00 GPa indicates the structural phase transition. The

Eg Eg 1g

Intensity (arb.unit)

I
200 250 300
Raman shift (cm'1)

T
150

FIG. 2. (a) Experimental Raman spectrum of TIBiS, at ambient conditions, and (b) visualization of the atomic displacement patterns for
the E; and A;, modes obtained from calculations. The blue, violet, and red spheres represents the T, Bi, and S atoms, respectively.
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TABLE I. Raman mode assignment of the rhombohedral phase
of TIBiS,.

Raman Experimental frequency Theoretical frequency
mode (em™) (cm™1)

E, 211 200

A 242 234

structural phase transition is fully reversible upon decreasing
pressure to ambient condition (see Fig. 3). The main emphasis
of the present work is only on the investigation of possible
topological transition in the rhombohedral phase of TIBiS,.
Therefore the detailed study of pressure induced structural
phase transitions in TIBiS, compound is the future interest
of our group. The presence of strong texture affects the
obtained XRD patterns; hence we could not do the full Ri-
etveld refinement reliably. However, we have done the Le Bail
method fitting of the obtained XRD patterns (for each pressure
values), which gives the accurate unit cell parameters (a, c,
and V). Figures 4(a) and 4(b) represents the Le Bail fit of the
synchrotron XRD pattern at ~1.55 and 3.92 GPa, respectively
[for other pressure values, please see Figs. S2(a) and S2(b) in
Ref. [32]. The pressure dependence of the lattice parameters
(a and c) are shown in the Fig. 5(a). The monotonic decrease
in a and c are observed under pressure up to ~4.0 GPa. The
pressure dependence of the unit cell parameters (a and c)
are fitted by Murnaghan equation of state (EOS) [47] using
EOSFIT7 software and the fit yields the linear compressibil-
ity of a axis K, (or K,) = 9.25 x 1073 GPa~! and that of ¢
axis, K, = 9.58 x 1073 GPa~'. The obtained values of linear
compressibility suggesting us that lattice parameters a and
¢ are having more or less similar compressibility (isotropic
nature), which is consistent with the 3D nature of TIBiS,
crystal structure. Further, the systematic decreasing trend
in c/a ratio under pressure was observed [see the inset of

Pressure released
= 6.95 GPa
2 k% kX
= 5.05 GPa
o]

&
- 3.92 GPa
>
=
2 2.73 GPa
[¢}]
c 1.55 GPa
0.62 GPa
v T v T v T
5 10 15 20

20 (degree)

FIG. 3. Pressure dependence of the synchrotron XRD patterns
(» = 0.50070 A) of TIBiS, at selected pressure values. The red color
asterisk symbol represents the appearance of new peaks.

O Expt. data
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FIG. 4. Le Bail fit to the synchrotron XRD patterns (A =
0.50070 A) of TIBiS, at (a) 1.55 and (b) 3.92 GPa.

Fig 5(a)]. Mention must be made that there is no anomaly
found in lattice parameters (a and c¢) and c/a ratio within
the experimental accuracy. The pressure dependent unit cell
volume data is best fitted [see Fig. 5(b)] by Murnaghan EOS
[47] which is given below:

B[ /v, \*
P(V)=E|:(V> —1:|,

where Vy, By, and B, are volume at ambient pressure, isother-
mal bulk modulus [—V/(dV/dP)], and the first-order deriva-
tive of bulk modulus, respectively. The Murnaghan EOS was
used to fit the pressure region up to ~4.00 GPa and the fit
yields Vy = 319.584 10%3, bulk modulus By = 37.65 GPa and
By =5.7. Here, the obtained value of bulk modulus (By =
37.65 GPa) for TIBiS; is lower than tetradymite semiconduc-
tors (BiySes (By = 53 GPa) [48] and Sb,Tes (By = 54.7 GPa)
[49]), and hence TIBiS, is relatively softer.
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FIG. 5. (a) Pressure dependence of the lattice parameters (a and
c) of TIBiS,. The inset shows the P vs c¢/a ratio. (b). Pressure
vs volume of TIBiS,. The red and blue solid line represents the
Murnaghan EOS fit and guide to the eye, respectively.

C. Raman scattering measurements under pressure

Raman spectroscopy is a local sensitive technique which
can be extensively used for studying the structural, electronic,
and topological transitions in the system [16,25,26,48]. So, to
explore the lattice dynamical properties of the rhombohedral
phase of TIBiS, compound, we have carried out the high-
pressure Raman scattering measurements up to ~6.0 GPa.
Figure 6 represents the pressure evolution of the Raman
spectrum of TIBiS; up to ~6.0 GPa. As the pressure increases,
the intensity of both modes (E; and Aj) is increased. After
~4 GPa, the appearance of five new Raman peaks and disap-
pearance of rhombohedral phase Raman active peaks (E, and
Aj,) indicates the structural phase transitions. Raman mode’s
frequency is the thermodynamic order parameter which is par-
ticularly sensitive to the type of the structural phase transition
(whether first- or second-order) under perturbations. Hence, to
get the more insight about this structural transition, we have
analyzed the pressure dependent phonon mode frequencies
up to ~6.0 GPa and plotted in Fig. S3 (see Ref. [32]). The
sharp discontinuity at ~4.0 GPa in Fig. S3 confirms the first-

_______._/-»/\_ Pressure released
N

3.85 GPa
3.16 GPa
2.59 GPa
1.53 GPa
0.84 GPa
0.23 GPa

Intensity (arb.unit)

T Y T ¥ T ? T Y
150 200 250 300 350
Raman shift (cm™")

FIG. 6. Experimental Raman spectrum of TIBiS, at different
selected pressures up to ~5.9 GPa.

order structural phase transition in TIBiS, which is consistent
with the XRD results. Figures 7(a)-7(d) shows the pressure
dependence of the A, and E, modes (only the rhombohedral
phase) of TIBiS, single crystal. We have used instrumental
error in Figs. 7(a)-7(d) and the details of the error in our
experimental data analysis is commented in Ref. [32]. Gener-
ally, the systematic hardening (increasing) of phonon modes
is expected under hydrostatic lattice compression. Here, the
frequency of both the modes (A, and Ey) hardening up to
~4.0GPa, but Ajg mode shows the significant change in
its slope at ~1.80 GPa. The pressure-dependent behavior of
the E, phonon mode is fitted using a linear equation up to
~4.0 GPa, whereas for A, modes, the linear equation is used
for two different pressure regions (0-1.8 and 1.8-4.0 GPa).
The linear fitting of the experimental (expt) data 1, is shown in
Figs. 7(a) and 7(b). For the sake of clarity, we have separately
shown the linear fitting for the data of Expt 2 in Figs. S5(a) and
S5(b) (see Ref. [32]). The pressure coefficients and Griineisen
parameter are listed in Table II, and it can be observed that
apparent changes in the pressure coefficient (a;) of A;; mode
[24and 1.7cm~! GPa™! (Expt 1 and Expt 2)] between 0-1.8
and 1.8-4.0 GPa regions.

Generally, Raman linewidth is inversely proportional to
the life time of the phonons for the crystalline materials.
Hence, the linewidth of the Raman active phonon modes will
give important information about the interactions existing in
the solid system. For instance, electron-phonon, spin-phonon,
and phonon-phonon coupling existing in the crystalline
material and has been identified by Raman linewidth analysis
[50-53]. So, to get the more detail about TIBiS,, we have
carefully analyzed the linewidth as a function of pressure and
represented in Figs. 7(c) and 7(d). During the increase in pres-
sure, systematic increase in the linewidth of the Raman peak
is expected from quantum uncertainty principle. However,
we had observed an unusual behavior in E, mode. The full
width at half maximum (FWHM) of the E, peak decreases
up to ~1.8 GPa with the change in slope at ~0.5 GPa. After
that, the FWHM of the E, peak increases with pressure up to
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FIG. 7. Pressure dependence of the frequency of (a) E, and (b) A, modes of TIBiS,. (c) P vs FWHM of E, mode and (d). P vs FWHM

of Aj, mode. In (a)—(d), black (Expt-1) and blue (Expt-2) filled circles indicate data from two independent pressure runs. The error bars are
obtained from instrumental error for these experiments. Solid red lines in (a) and (b) are linear fit to the first pressure run (Expt-1). Solid green
lines in (c) and (d) are only guides to the eyes. Red arrows in (b) and (c) represent the isostructural electronic transitions. Red dashed line

represents the extrapolation of the linear fit.

~4.0 GPa. The FWHM of A, peak systematically increases
with pressure up to ~4.0 GPa. The changes in line width of
the E; mode at ~0.5 GPa and ~1.8 Pa is around ~12.5% and
~16.9%, respectively. Even though there are small changes in
line width of the E, mode from 0.5 GPa (around ~19.6 cm™!)
to ~1.8GPa (around ~18.6cm™'), but bigger than the
one-pixel coverage of the spectrometer (instrumental error).
Further, the trend in the FWHM has been reproducible over
multiple experimental runs [see Figs. 7(c) and 7(d)] which
also ascertains the observed inflection points. So, the clear
observation of the two distinct inflection points at ~0.5 and
~1.8GPa is an experimental fact. Further, the electron-

phonon interaction can be understood from the electron-
phonon coupling constant A which is directly proportional
to the Raman line width [21,54]. The calculated A (see
Fig. S6 in Ref. [32]) of E; mode shows the systematic trend
of the decreasing and then slight increasing nature which
is matching well with the trend of an experimental line
width of E, mode. Therefore the changes in the Raman line
width of E; mode is attributed to electron-phonon coupling
changes. Similar to our case, upon pressure, the decreasing
line width of phonon modes has been observed during the
topological transitions in black phosphorous and is attributed
to the electron-phonon coupling changes with the help of

TABLE II. Experimental values of the Raman mode (E, and A,,) frequencies and its pressure coefficients at both ambient pressure and
~1.80 GPa which is obtained from fits to the data using the linear equation w(P) = w(P) + a,(P — Py). Here, a; = (j—‘;’) represents the

pressure coefficients (slope of the curve). The Griineisen parameters y are obtained by using the relation y = (

the bulk modulus of TIBiS, (By = 37.65 GPa).

B dw
ooy X b ), where B represents

Experimental Raman Pressure Mode a; Griineisen

run mode Regions (GPa) frequency w(Py) (cm™") (cm~! GPa™!) Parameter y

1 E, 0-4.0 211.1 £0.1* 3.540.1* 0.62
Ay 0-1.8 241.8 £ 0.1* 24 +0.1¢ 0.37
A, 1.8-4.0 243.1 +£0.1° 1.7 +£0.0° 0.26

2 E, 0-4.0 211.6 £0.1% 3.3+ 0.0° 0.59
Ajg 0-1.8 241.7 £ 0.1* 24 +0.1¢ 0.37
A, 1.8-4.0 2429 4+ 0.1° 1.7+ 0.1° 0.26

“Estimated at ambient pressure (Py = 1 atm).
bEstimated at P, = 1.80 GPa.
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FIG. 8. (a)—(f) Electronic band structure of TIBiS, are calculated with SOC at different hydrostatic pressures (from —1 to 4 GPa). Band
inversion takes place at the I" and F points in the BZ as a function of pressure near P’ = —0.4 GPa and PF = 3.6 GPa, respectively.

theoretical calculation of A [21]. Since the TIBiS, shows
the rhombohedral phase stability (as clearly observed in
synchrotron XRD results) up to ~4.0GPa, the obtained
linewidth anomalies cannot be due to the structural phase
transition. So, the linewidth anomalies of A, and E, mode
at ~0.5 and ~1.8 GPa indicates the isostructural electronic
transitions in T1BiS,.

D. Theoretical calculations

To understand the experimentally observed Raman anoma-
lies (isostructural transitions) at ~0.5 and ~1.8 GPa, we
used first-principles calculations to simulate the rhombohe-
dral phase (SG: R3m) of TIBiS, as a function of pressure.
Our estimates of the optimized lattice constants of TIBiS,
are a=7.74A and angle o =31.03°, which are within
the typical GGA errors of experimental lattice parameters
(a =7.67A, a =31.09°). The calculated internal parameter
characterizing the positions of the S atoms is z = 0.261. Elec-
tronic band structure of TIBiS, calculated including spin-orbit

interaction at the optimized lattice constants reveals a direct
band gap of 0.10 eV. Band gap estimated here is slightly lower
than the experimental band gap of 0.42 eV, which is typical
of DFT calculations of band gaps. The electronic structure
of TIBiS, exhibits valleys at the I and F points of the BZ.
The valence band maximum (VBM) at the T valley has higher
energy than the VBM at the F valley [see Fig. 8(b)], whereas
the conduction band minima (CBM) at the I' valley is lower
in energy than the CBM at the F valley. Band gaps estimated
using optimized lattice constants (ambient pressure) at I' and
F points are 0.09 and 0.33 eV, respectively [see Fig. 8(b)]. It
is noteworthy that Zhang et al. [18] estimated the band gap of
7 meV at 0 GPa (at I" point). Further, in the electronic band
structure of the TIBiS, system (R3m phase), the conduction
bands are dominated by p orbitals of Bi and Tl and the valence
bands are dominated by the p orbitals of S.

With increasing hydrostatic pressure, the CBM and VBM
in both the valleys come closer and cross each other resulting
in inversion of bands. A close examination of the electronic
structure reveals that the critical pressures (PI and PF)
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FIG. 9. (a) Evolution of band gap with hydrostatic pressure at I and F' points showing the opening and closing of gaps at the critical
pressures (PL and PY). (b) Electronic density of states of TIBiS, calculated with SOC at different hydrostatic pressures.

making band inversions at the I and F points are different.
With increasing pressure from —1 to 4 GPa, the energy gap at
the I' point first closes and then reopens at close to P ~0 GPa,
and similar behavior is found at F point with a critical pres-
sure close to P ~ 3 GPa [see Fig. 9(a)]. These values of critical
pressures (Pf and Pf ) differ from previous calculations [18],
primarily because of differences in estimated lattice constants
due to different pseudopotentials, and exchange correlation
functionals. Further, the pressure evolution of electronic den-
sity of states (DOS) is indicating that semiconducting nature

(b)

+~-0.3 GPa
—-0.5 GPa

E-E, (eV)

F

CBM (AtF)

VBM (At F)

of TIBiS; up to ~4.0GPa [see Fig. 9(b)]. At the I' point,
the band inversion occurs in between —0.5 and —0.3 GPa
(ie., —0.5 < P < —0.3 GPa, hence P ~ —0.4 GPa) and it
is evident in the isosurfaces of charge densities [see Fig. 10(b)]
associated with VBM and CBM at —0.3 and —0.5 GPa.
On the other hand, the band gap separating the VBM and
CBM at the F point is higher than the gap between them at
the I point, hence higher pressure is required for the band
inversion to occur at F point. Examining the isosurfaces of
charge densities associated with VBM and CBM at the F

P=-0.3 GPa

=

a2

VBM (At F)

FIG. 10. Electronic structures of rhombohedral TIBiS, around the (a) I" point and the (c) F point showing the band inversion between the
top valence and lowest conduction bands as a function of hydrostatic pressures. (b) Isosurfaces of charge densities associated with VBM and
CBM before and after the band inversion at the I point and the (d) F point reveal that the band inversion at I" takes place in between —0.3 and
—0.5 GPa (i.e., —0.5 < Pcr < —0.3 GPa, hence PCr ~ —0.4 GPa at I" point), whereas the band inversion at the F' point occurs in between 3.5

and 3.7 GPa (i.e., 3.5 < P¥ < 3.7GPa, Pf ~3.6 GPa at F point).
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point [see Fig. 10(d)] at 3.5 and 3.7 GPa, it is clear that band
inversion at the F' point occurs in between 3.5 and 3.7 GPa
(i.e.,3.5 < PF' < 3.7GPa, hence PI' ~ 3.6 GPa).

V. DISCUSSION

A TQPT is typically indicated by the crossing of valence
and conduction bands at the critical pressures (PI and PF).
To verify the change in topology due to band inversion, we
determined the strong Z, topological index using a robust,
quantitative and exact method as employed in the Z2PACK
code [43]. The strong Z, topological invariant (vy) of TIBiS,
calculated at —0.5 and —0.3 GPa is vy = 0 (normal insulator)
and vy =1 (TI), respectively. Thus Z, topological index
confirms the change in electronic topology and establishes
the nontrivial band topology of TIBiS, at pressures greater
than P ~ —0.4 GPa. We find that the topological invariants
calculated at —1, 0, 1, 2, and 3 GPa (vy =0, 1, 1, 1, and 1
respectively), are consistent with the band inversion picture.
To probe the effect of second band inversion which occurs
at F point on the electronic topology we examined the Z,
topological invariant at 3.5 and 3.7 GPa. TIBiS, changes
from a strong TI at 3.5 GPa (vp = 1) to a system with
trivial topology at 3.7 GPa (vy = 0). Thus the Z, topological
index-based argument confirms a trivial phase resulting from
even number of band inversions at the TRIM points (above
3.6 GPa). Besides, the importance of SOC for this class
of materials was systematically studied and analyzed in our
calculations by performing electronic structure calculations
using scalar relativistic potentials as well (please see Fig. S7)
and results are discussed in Ref. [32].

The even number of band inversions is an indicator of
the TCI phase. In our system, the band gap closes and re-
opens with an even number of inversions between the two
extreme pressures (—0.4 and 3.6 GPa). This implies that
even though the phase above 3.6 GPa cannot be a Z, TI,
we obtain a TCI phase driven by the mirror symmetry of
the hexagonal lattice. Hence we have calculated the mirror
Chern number (ny,) as a function of pressure. The mirror
Chern number (1) of TIBiS, calculated at 3.5 GPa and
3.7 GPa is ny; = 1 and ny; = 2 (TCI), respectively. Thus ny,
confirms the change in electronic topology and establishes the
non-trivial band topology of TIBiS, with respect to TCI phase
characterized by ny, = 2 at pressures greater than 3.6 GPa. In
summary, ongoing from —0.5 to —0.3 GPa the odd number
of inversions occurring at I point results in a change of
Z, topological invariant from 0 to 1. At pressures greater
than 3.6 GPa, i.e., following the second band inversion a
total even number of inversions (3 from F and 1 from I')
results in ny; = 2 and Z, topological index 0. The comparison
between invariant quantities Z, and ny are shown in the
Table I11.

The experimentally observed Raman signatures of multiple
isostructural electronic transitions are closely consistent with
our DFT theoretical prediction. Therefore we attribute the
linewidth anomalies of E, mode at ~0.5 GPa to the nontrivial
TQPT which is a consequence of band inversion at I' of
the BZ. Similarly, the phonon anomalies at ~1.8 GPa can be
attributed to TCI phase as a consequence of even number
of band inversion (three from F and one from I') of the

TABLE III. Mirror Chern number (n),) and Z, topological index
of TIBiS, calculated at 3.5 GPa and 3.7 GPa. The second band inver-
sion at F around Pf ~ 3.6 GPa results in a TCI phase characterized
by ny = 2 and vy = O (trivial with respect to Z, TIs).

Pressure (GPa) Z, Topological index Mirror Chern number (r27)

35 1 1
3.6 0

BZ. In both the band inversions (I' and A points), VBM
characters (dominated by S p orbitals) are exchanged with
CBM characters (dominated by p orbitals of Bi and TI).
During the exchange of the orbital characters, the charge
gets redistributed between VBM and CBM which further
modulates the electronic structure. Consequently, here Raman
active phonon (E,) life time is getting affected, which reflect
the unusual electron-phonon coupling at ~0.5 and ~1.8 GPa
in Raman linewidth. Note that there is a small difference
between the experimental (0.5 and 1.8 GPa) and theoretical
critical pressure values (—0.4 and 3.6 GPa). This difference
in the critical pressure values can arise from the various
factors such as temperature, the typical error in calculated
lattice parameters and band gaps (depends on the pseudo
potential and exchange correlation functional), etc. In fact,
many high-pressure experiments present the mismatches of
the critical pressure values with first-principles theoretical
calculations [24,51] that could mainly originate from various
approximations used in the theoretical approach. For example,
theoretical calculations predict the transition pressure of band
inversions at L and A point of the BZ in 1T-TiTe, at ~0.88
and ~3.40 GPa, however experimentally phonon anomalies
are noticed at ~2.0 and ~4.0 GPa respectively [24]. Simi-
larly, in BiTel, the topological phase transition points (as a
consequence band inversion at A points) are calculated to be
1.7 and 4.1 GPa corresponding to the calculation based on
local density approximations (LDA) and GGA respectively
[8]. However, experimentally observed transition point is
~2.0 — 2.9 GPa [9]. These two above examples demonstrate
the commonly observed mismatch between the high-pressure
experimental and theoretical transition pressure values. How-
ever, we have clearly seen two isostructural electronic tran-
sitions through Raman phonon anomalies at ~0.5 and
~1.8 GPa within the stability range of the rhombohedral sym-
metry of TIBiS, compound and the transition pressure values
qualitatively agree with the DFT based theoretical predictions
(—0.4 and 3.6 GPa). Further, the comparison of the critical
transition pressure value between our theory and literature
[18] is discussed in Ref. [32].

Even though the nontrivial topological phase of TIBiS,
was predicted at 0 GPa (ambient condition), ARPES measure-
ments reveal that TIBiS, is a direct band gap semiconductor
(E, = 0.42¢eV) and is topologically trivial (Z, = 0) at ambi-
ent condition [20]. The obvious reason for this contradiction
is the under estimation of the band gap using GGA. So,
the direct observation (using ARPES) [20] of the band gap
(E; = 0.42¢V) clearly suggesting that first band inversion has
to occur at above 0 GPa and consistent with our experimental
results. Therefore the applied pressure increases the effective
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strength of the SOC, decreases band gap and at a critical
pressure point (~0.5 GPa) a phase transition takes place from
topologically trivial to nontrivial state as a consequence of
the first band inversion at the I point. Further, the evolution
of electronic structure with hydrostatic pressure corroborates
that TIBiS, which remains a direct band gap semiconductor
up to 4 GPa with bulk calculated band gaps of 0.10, 0.17,
0.14, 0.03, 0.07, and 0.19 eV for pressures of 0, 1, 2, 3, and
4 GPa, respectively. At pressure (P) ~2 GPa, we observe a
shift in the CBM and VBM at the T" to those at the F point.
With increasing hydrostatic pressure, the Fermi level [marked
with the dashed horizontal black line in Figs. 8(a) to 8(f)] does
not cross the top valence band and bottom conduction band
is indicating that TIBiS, does not undergo a semiconductor
to metal phase transition. Further, the pressure dependence of
the theoretically calculated phonon modes (Ajg and E,) are
commented in Ref. [32].

The pressure dependent electronic band structure (calcu-
lated) of TIBiS, reveals that there is no overlap near the
Fermi energy across any other directions of the BZ, except
two successive band inversions at I' and F point. This fea-
ture might be very interesting because the electronic con-
tribution from the band inversions (only) can be understood
in detail by transport measurements. It is noteworthy that,
four consecutive bands inversions are predicted in 1T-TiTe,
under hydrostatic pressure [29], and experimentally two band
inversions are claimed by phonon and electrical transport
anomalies [24]. However, in 1T-TiTe,, the electronic bands
are crossing over other direction of the BZ (in addition to
band inversion points) near the Fermi energy which makes
the system quite difficult to deal with transport tools for only
studying the topological contributions. So, here the successive
band inversions and clean band structure (under pressure
evolution) make the TIBiS, system unique and it is material
specific. Hence, the TIBiS, compound could be an ideal can-
didate for exploring much exciting physics behind topology,
and its effect in multiple properties. The two iso-structural
electronic transitions at ~0.5 and ~1.80 GPa demonstrated
by the occurrence of the unusual electron-phonon coupling
by both the experiment and the first principles theoretical
calculations, can be attributed to nontrivial TQPT and TCI
transition respectively. Further, the larger atomic mass (T1 and

Bi), the narrow band gap semiconducting nature of TIBiS,
compound (up to ~4.0GPa) and multiple band inversions
(topological phase transitions) can be expected to give the
good thermoelectric performance under pressure. Besides, the
existence of topological states (Z, = 1) in TIBiS; at relatively
low pressure regions from 0.5 GPa to 1.8 GPa (experimentally
accessible pressure regions), hence this system may be use-
ful for next generation spintronic and thermoelectric devices
operating in the mechanically strained environment. Finally,
we hope our interesting results will stimulate research interest
on TIBiS,, particularly for Shubnikov de Haas oscillation
measurement under pressure [31] which may provide further
insight into observed TQPT.

VI. CONCLUSION

In summary, a combination of high-pressure Raman scat-
tering and synchrotron diffraction measurements confirms
that TIBiS, undergoes a first-order structural phase transition
at ~4.0 GPa. Furthermore, the E; phonon linewidth anomalies
at ~0.5 and ~1.8 GPa are observed due to unusual electron-
phonon coupling in the rhombohedral phase of TIBiS,. We
have attributed the two isostructural electronic transitions at
~0.5 and ~1.80 GPa, respectively, to the nontrivial TQPT
(Z, = 1) and TCI (ny; = 2) transitions based on our first-
principles theoretical calculations. We are sure that our results
will motivate further research interest in TIBiS, on the aspect
of quantum oscillations measurements under pressure.
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