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Pressure-induced topological crystalline insulating phase in TIBiSe,: Experiments and theory
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We report in situ high-pressure studies on three-dimensional topological insulator TIBiSe, using Raman
scattering and synchrotron x-ray-diffraction experiments corroborated with the first-principles theoretical cal-
culations. The phonon modes of a rhombohedral phase of TIBiSe, show a systematic increase in frequencies
under hydrostatic pressure up to ~7.0 GPa. Interestingly, the linewidth of the A,,, N, and E, phonon modes
show clear anomalies at ~2.5 GPa which is indicating the isostructural electronic transition. With the help of
calculated electron-phonon coupling constant A, anomalies in the Raman linewidth of E, mode are attributed to
electron-phonon coupling changes. Moreover, our theoretical results reveal that the observed phonon anomalies
are due to pressure-induced band inversion at the F points of the Brillouin zone which leads to the changes in
electronic topology reflected in the mirror Chern number n,, and Z, topological invariant. Therefore, the phonon
anomalies and change in mirror Chern number 7,, confirm the pressure-induced topological crystalline insulator
phase in T1BiSe; at ~2.5 GPa. Further, a reversible structural phase transition has been observed above ~7.0 GPa
from both synchrotron x-ray-diffraction and Raman-scattering measurements. Finally, our studies suggest the use
of hydrostatic pressure as a potential pathway for exploring the topological crystalline insulating phase in strong
spin-orbit coupling compounds, such as the thallium-based III-V-VI, ternary chalcogenide TIBiX, (X =S, Se,

Te) family.

DOLI: 10.1103/PhysRevB.107.205139

I. INTRODUCTION

The discovery of topological states of quantum matter
in three-dimensional (3D) solids had attracted a great deal
of scientific interest during the last decade [1,2]. This new
kind of quantum matter (topological states) offers poten-
tial applications in quantum computations, spintronics, and
thermoelectrics. The nontrivial topological materials have a
unique electronic band structure which mainly arises due
to the strong spin-orbit coupling (SOC). Topological in-
sulator (TT) and topological crystalline insulator (TCI) are
the two important topologically nontrivial materials. TIs
are a new class of materials that act as bulk insulators,
but the surface has conducting (Dirac-like cones in 3D)
states [3,4]. These surface-conducting states are protected
by time-reversal symmetry and hence cannot be destroyed
by nonmagnetic impurities and chemical disorderness in the
system. Importantly, TI has the odd number of band in-
versions and is generally characterized by the topological
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invariant quantity Z,. TCIs are another interesting class of
nontrivial quantum materials, in which an even number of
band inversions exist [5,6]. In TCI, the topological states
are protected by mirror symmetry rather than time-reversal
symmetry (in the case of TIs). Hence, the protection of
topological states is not limited by magnetic impurities. Sim-
ilar to TIs, mirror Chern number 7, is used to characterize
the TCIL.

It is possible to convert the conventional insulator (trivial
insulators) to nontrivial topological insulators (TI and TCI)
by tuning the SOC strength in some suitable materials. In
the search for new quantum materials, several routes have
been proposed for achieving the nontrivial topological phases,
both from an experimental and theoretical perspective. For
example, the topological states of the materials can be tuned
by external perturbations, such as pressure, chemical doping,
electric field, etc. [7-10]. Among these, pressure is an ideal
tool to induce band inversion (topological states) because of
its cleaner and effective nature [11]. The externally applied
pressure alters the interatomic bond distances, effective hy-
bridization, decreases the band gap, and consequently induces
the topological states in some SOC materials. In fact, hy-
drostatic pressure-induced TI states have been observed in
SOC systems like BiTel, 17-TiTe,, TIBiS,, BiTeBr, Sb,Ses,
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etc. [8,12—-15] and pressure-induced TCI states have been
witnessed in TIBiS; and Cr-doped PbSe (i.e., Pby g9Crgo1Se)
[13,16].

To probe the topological surface states directly at ambient
conditions, surface-sensitive techniques like angle-resolved
photoemission spectroscopy (ARPES) can be used [3,4]. Un-
fortunately, ARPES measurements cannot be performed with
materials under high pressure using a diamond-anvil cell
(DAC). Hence directly probing the pressure-induced topolog-
ical states is one of the experimental challenges so far. Here,
it is important to mention that during the pressure-induced
band inversion, charge-density redistributions and electron-
phonon coupling changes occur in the system. Therefore,
we can probe the band inversions (topological states) indi-
rectly by measuring the electron-phonon coupling changes.
Raman-scattering technique can measure the electron-phonon
coupling from phonon linewidth and hence can be used
as a potential tool to study the topological transitions
[12-14,16-18]. In principle, Raman linewidth is directly pro-
portional to the square of the energy-resolved electron-phonon
matrix elements [19] and consequently, it measures the
electron-phonon coupling. In fact, the pressure-induced topo-
logical states were evidenced by Raman linewidth anomalies
(unusual electron-phonon coupling) in various systems such
as BiTel, Sb,Ses, 17-TiTe,, 17-TiSe,, BiTeBr, and TIBiS,
[12-14,17,20]. Mention must be made that topological transi-
tions in all of these systems were claimed after considering the
results of first-principles calculations that show compelling
evidence that there is a change in the topological invariant
quantities [12—-14,18]. Further, we must mention that the vari-
ous independent high-pressure transport measurements have
shown evidence of topological transition that substantiates
the claim of Raman linewidth anomalies associated with the
band inversion [15,21,22]. It is noteworthy that some of the
claimed systems (mentioned above) such as 17-TiSe,, T1BiS,,
etc., are yet to be experimentally explored (in the direction
of topological transitions) using adequate high-pressure trans-
port techniques.

Thallium-based III-V-VI, ternary chalcogenide TIBiX,
(X =S, Se, Te) are narrow band-gap semiconductors that
crystallize in the rhombohedral structure [space group (SG):
R3m] at room temperature [23] and feature a strong SOC.
In this family, TIBiTe, (E, =0.10eV) [24], and TIBiSe,
(E, =0.28¢eV) [25] are 3D TIs at ambient conditions and
are experimentally verified by ARPES [23,26]. TIBiS, has
a slightly larger band gap (E, =0.40eV) [25] and lower
SOC strength; therefore, it is not a TI at ambient conditions
because the larger band gap and lower SOC avoid the band
inversion at ambient conditions. Importantly, TIBiS, has a
similar electronic and crystal structure as the 3D TIs (T1BiSe,
and TIBiTe;) and hence has the possibility of becoming a TI
by tuning the SOC strength. In fact, using the two methods
(chemical substitutions and high pressure), the TI states are
observed in TIBiS, at room-temperature conditions. The first
one is the partial chemical substitution (chemical pressure) of
Se at the S site which leads to the formation of surface states
at the I" point of the Brillouin zone (BZ) [10]. Secondly, the
applied hydrostatic pressure induces the TI states in TIBiS,
at ~0.5 GPa [13]. Interestingly, on further increasing the
pressure, TIBiS, also undergoes the TCI phase at ~1.8 GPa

within the stability region of ambient crystal structure (SG:
R3m) [13].

The fascinating observation of the TCI phase in TIBiS,
creates interest in TIBiSe, since TIBiSe, shares a similar
crystal and electronic structure as TIBiS,. Due to stronger
SOC strength and lower band gap (E, = 0.28¢eV), TIBiSe,
is a 3D TI at ambient conditions [23,26]. Since the crystal
structure controls the properties, if we tune the band gap (by
high pressure) in TIBiSe,, then it might have the possibility
to become a TCI phase under high pressure like TIBiS,. Also,
recently it was established that there is a strong connection
between the enhancement of thermoelectric figure of merit
(ZT) and pressure-induced TCI phase transitions [16]. So, the
discoveries of the pressure-induced topological phase transi-
tions will be useful for the highly efficient thermoelectrics
which are important to produce electricity from waste heat
in industrial processes (i.e., green energy-based generators)
and also to combat climate change. Furthermore, Raman spec-
troscopy is a sensitive local technique that can be effectively
used for studying the structural, electronic, and topological
transitions [12,27]. Hence it will be interesting to investi-
gate the possibility of pressure-induced TCI phase in TIBiSe;
using Raman-scattering and synchrotron x-ray-diffraction
(XRD) measurements and complement with first-principles
calculations.

In this present work, we have systematically studied the
behavior of 3D TI TIBiSe, under hydrostatic compression
in a joint experimental and theoretical fashion that com-
bines Raman-scattering and synchrotron XRD experiments
and first-principles theoretical calculations. The pressure-
induced isostructural electronic transition was observed from
the anomalies in Raman linewidth of E,, N, and A, phonon
modes at ~2.5 GPa. First-principles calculations reveal that
those anomalies are associated with the TCI phase with the ev-
idence of changes in the mirror Chern number n,,. On further
increasing the pressure, a reversible structural phase transition
was noticed above 7.0 GPa from both the synchrotron XRD
and Raman-scattering measurements.

II. EXPERIMENTAL DETAILS

Polycrystalline samples (~1 g) of TIBiSe, were synthe-
sized by mixing appropriate ratios of high-purity elemental
Tl (Aldrich 99.99%), Bi (Aldrich 99.999%), and Se (Alfa
Aesar 99.9999%) in quartz tubes. The tubes were sealed under
vacuum (107> Torr) and slowly heated to 723 K over 12 h,
then heated up to 1173 K in 4 h, annealed for 10 h, and then
slowly cooled down to room temperature over a period of
15 h. The powder XRD experiments of TIBiSe, at ambient
conditions were recorded using synchrotron radiation with
wavelength (A = 0.4957 A) at the Xpress beam line, Elettra
synchrotron, Trieste, Italy. The Le Bail method refinement
of the obtained XRD pattern confirms the phase identity and
purity of the TIBiSe;.

The Raman-scattering measurements were carried out
using the commercial Raman spectrometer LabRAM HR
evolution 800 with the wavelength of A = 633nm (HeNe
laser). The spectral resolution of the spectrometer is about
~0.6cm™! for the 150-um entrance slit width and the grating
of 1800 grooves per millimeter. The in situ high-pressure
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FIG. 1. (a) Schematic of the rhombohedral primitive unit cell, and (b) hexagonal unit cell of TIBiSe,. Here, the red, blue, and yellow color
spheres represent the T1'*, Bi**, and Se?~ ions, respectively. (c). Le Bail fit to the synchrotron powder XRD pattern of TIBiSe, at ambient

conditions.

Raman-scattering measurements were carried out using Mao
Bell-type DAC with an anvil culet of 400 um in diam-
eter. The stainless steel (T301) with starting thickness of
~250 um was used as the gasket material. It was preindented
to ~60-um thickness and the hole in diameter of ~150 um
was drilled at the center of the gasket which served as the
sample chamber. A mixture of methanol-ethanol in 4:1 ratio
was used as the pressure-transmitting medium (PTM), which
ensures the hydrostatic condition up to ~10.5 GPa and quasi-
hydrostatic condition up to ~25 GPa [28]. The in situ pressure
was calculated by the standard ruby fluorescence method [29].
The typical accumulation time for each of the recorded Raman
spectrum is about 15 min. To avoid the risk of laser power-
induced damage to the sample, the lower value of laser power
(<0.5mW) is kept at the sample.

Synchrotron powder XRD as a function of pressure was
carried out at the Xpress beam line, Elettra, Trieste, Italy
using a wavelength (A = 0.4957 A). The MAR345 image-
plate detector was used. The sample-to-detector distance was
calibrated using standard LaBg sample and it is found to be
286 mm. The details of gasket preparation, PTM, and pressure
calculation are the same as above discussed. The typical accu-
mulation time for each of the recorded XRD pattern is about
10 min. The two-dimensional XRD pattern was converted
into 1D pattern (intensity vs 26 degrees) using FIT2D soft-
ware [30]. Each XRD pattern was analyzed using FULLPROF
software [31].

III. COMPUTATIONAL DETAILS

We performed first-principles theoretical calculations
based on the density-functional theory (DFT) by employ-
ing the QUANTUM ESPRESSO (QE) code [32]. We used
a generalized gradient approximation (GGA) [33] to the
exchange-correlation energy with functional parametrized by
Perdew, Burke, and Ernzerhof [34]. The projector augmented-
wave (PAW) potentials [35] with valence configuration
4f% 65 6p' 5d'0, 4f*65%6p> 5d'°, and 3d'04s? 4p* were
adopted for T, Bi, and Se, respectively. Electronic wave func-

tions and charge density were represented in plane-wave basis
sets truncated with cutoff energies of 55 and 550 Ry, respec-
tively. The discontinuity in occupation numbers of electronic
states was smeared using a Fermi-Dirac distribution function
with the broadening of kg7 = 0.003 Ry and integrations over
BZ were sampled on a uniform 6 x 6 x 6 mesh of k points in
structural relaxation and 12 x 12 x 12 mesh in self-consistent
total energy calculations. We used scalar-relativistic PAW
potentials to optimize the structure with respect to lattice
constants and atomic coordinates, through minimization of
enthalpy, H = E + PV. Atomic coordinates of thus result-
ing optimized structures were used as the initial structure in
further optimization using fully relativistic potentials; while
effects of SOC were included in our calculations of electronic
structure through the use of fully relativistic potentials [36],
we used scalar-relativistic PAW potentials in the calculation of
phonons. Lattice dynamical properties were determined using
density-functional linear response (called density-functional
perturbation theory (DFPT) [37]) as implemented in the QE
package [32]. To obtain phonon dispersion, dynamical ma-
trices were obtained on a 2 x 2 x 2 g-points grid in the BZ.
We Fourier interpolated these dynamical matrices to obtain
the phonon dispersion along high-symmetry lines (I'-L-Z-
F - T - Z) in the BZ. To calculate the bulk electronic topol-
ogy of TIBiSe,, we used the Z2PACK code [38] to determine
the Z, topological invariants. This code uses hybrid Wannier
functions [39,40] and employs the ideas of time-reversal po-
larization in the determination of the Z, invariants.

IV. RESULTS

A. Ambient characterization

TIBiSe, crystallizes in the rhombohedral crystal struc-
ture (D3,) at ambient conditions. In this phase, TI'", Bi*",
and Se?~ atoms occupy 3a, 3b, and 6¢ Wyckoff sites, re-
spectively. The fractional coordinates of the Tl, Bi, and
Se atoms are (0,0,0.5), (0,0,0), and (0,0,0.2624), respec-
tively. Figures 1(a) and 1(b) represent the schematics of the
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FIG. 2. (a) Experimental Raman spectrum of TIBiSe, at ambient conditions. Visualization of the atomic displacements involved in the
Raman-active modes (b), (c) E, and (d) A,. Here, the red, blue, and yellow colored spheres represent the TI'*, Bi**, and Se?~ ions, respectively.

rhombohedral primitive unit cell and the hexagonal unit cell
of TIBiSe,, respectively. Figure 1(c) shows the representative
synchrotron XRD pattern of TIBiSe, at ambient conditions.
The calculated lattice parameters from the Le Bail refinement
of XRD patterns at ambient conditions are a = 4.2482 A,
c =22.3019 A, and volume V = 348.57 A3. These calculated
values show good agreement with previous reports [41,42].
Group theory-based analysis predicts 12-zone center-
phonon modes for the rhombohedral structure of TIBiSe, that
decompose in the irreducible representations as follows:

T = Ay, + 342, + 3E, + E,.

Here, the modes with subscripts g and u represent gerade
(Raman-active) and ungerade modes (infrared (IR)-active),
respectively. There are total two Raman-active modes (A, +
E,), four IR-active modes (2A,, + 2E,), and the rest corre-
spond to acoustic phonons (A, + E,,).

Figure 2(a) represents the experimental Raman spectrum of
TIBiSe, at ambient conditions. We have observed the two Ra-
man modes and are assigned based on our DFT calculations.
The Lorentzian function was used to fit the experimental Ra-
man spectrum, and the representative fit is shown in Fig. 2(a).
The modes at 127 and 145cm™! are assigned to E, and Ay,
respectively. The atomic displacement patterns for the E, and
Ay, modes are schematically shown in Figs. 2(b)-2(d). The
E, modes represent atomic vibrations of Se atoms in the ab
plane, while the A, modes represent vibrations of Se atoms
along the c¢ axis. Table I summarizes the experimental and
theoretically calculated Raman frequencies. As evident from

TABLE I. Measured and calculated frequencies of Raman modes
for the rhombohedral phase of TIBiSe, at P = 0 GPa.

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

E, 127 126

Ay 145 144

Table I, the calculated Raman-frequency values show good
agreement with the experimental values. Further, the calcu-
lated phonon dispersion of T1BiSe, at ambient conditions is
shown in Fig. 3. There are no negative frequencies observed
in Fig. 3, thus indicating that the rhombohedral structure is
dynamically stable.

B. Synchrotron XRD measurements under pressure

Synchrotron XRD patterns of TIBiSe; at selected pressures
up to ~7.20GPa are represented in Fig. 4. Upon increas-
ing pressure, the initial rhombohedral structure is stable up
to ~7 GPa. After that, the appearance of additional Bragg
peaks unambiguously identifies the phase transition. Further,
it can be observed that the phase transition is fully reversible
upon decreasing pressure to ambient conditions. The empha-
sis of the present work is only on the topological transitions,
and therefore the detailed study of this high-pressure struc-
tural phase transition is out of the scope. The presence of
the strong texture affects the collected XRD patterns and
hence limits the full Rietveld refinement. However, we have

AT AN
LR e
R T
F/ABSPABNS
Ry =SSN

i L Z F I 2z

FIG. 3. Calculated phonon dispersion of TIBiSe, for theoretical
lattice constant at 0 GPa. The absence of negative frequencies indi-
cates that the system is in a stable structure. The yellow color shaded
box indicates the location of frequency of the A,, mode.
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FIG. 4. Pressure evolution of synchrotron XRD patterns of
TIBiSe, at selected pressure values. Here, the appearance of addi-
tional Bragg peaks at high-pressure (~7.20 GPa) regions are denoted
by the red color asterisk symbol.

analyzed the synchrotron XRD patterns by the Le Bail fit
method using FULLPROF software, which estimates the accu-
rate lattice parameters and volume within the permitted error
bar. The typical Le Bail fit of the obtained synchrotron pat-
terns at P = 1.8 GPa and P = 5.5 GPa is shown in Figs. 5(a)
and 5(b), respectively (for other pressure values, please see
Figs. S1(a) and S1(b) in the Supplemental Material [43]). It is
noteworthy that, the fitting parameters of the Le Bail method
are not truly significant. Therefore, we did not mention them
in Figs. 5(a) and 5(b). Figures 6(a), 6(b), and 6(c) shows
the pressure dependence of the unit-cell volume, and lattice
parameters a and c, respectively. The pressure vs volume (V)
of experimental data was fitted (using EOSFIT 7 software) to
a Murnaghan equation of state (EOS) [44] which is given

below:
Bo | (Vo \P°
PVY=2(2) —1],
By \%

where Vp, By, and B’y denotes the volume at room pres-
sure, the bulk modulus, and its derivative, respectively. The
fit yields V, = 350.00 A3, By = 35.10GPa, and By = 4.6.
The obtained value of bulk modulus (By = 35.10 GPa) for
TIBiSe; is slightly lower than TIBiS, (By = 37.65 GPa) [13].
The pressure dependence of lattice parameters (a and c) fitted
(using EOSFIT 7 software) to a Murnaghan EOS yields the lin-
ear compressibility of a axis K, (or K},) = 8.32 x 107> GPa™!
and that of ¢ axis, K, = 14.30 x 1072 GPa~!. Furthermore,
the c/a ratio decreases monotonically with hydrostatic pres-
sure, as shown in Fig. 6(d). Here, it can be noted that lattice
parameters (a and ¢) and the axial ratio (c¢/a) do not show any
anomalies within the experimental resolution.

C. Raman-scattering measurements under pressure

Figure 7(a) represents the pressure dependence of the Ra-
man spectrum of TIBiSe, up to ~7.30 GPa. Upon increasing

(a) o Expt. data
—— Calculated
—— Residuals

| Bragg plane

© 104
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FIG. 5. Le Bail fit to the synchrotron XRD patterns of TIBiSe,
at (a) P = 1.8 GPa and (b) P = 5.5 GPa. Wavelength A = 0.4957 A
was used for the high-pressure XRD experiments.

pressure, four major changes are noticed in the Raman spec-
tra. (i) The appearance of additional Raman modes above
~7.0GPa confirms the structural phase transition which is
consistent with the synchrotron high-pressure XRD measure-
ments. (i) The intensity of A, peak decreases and eventually
disappears at close to phase transition pressure (~7.0 GPa).
(iii) The intensity of E, peak monotonically increases with
pressure. (iv) A peak (named as N) started to appear at ~1.0
GPa within the experimental resolution and also evolves sys-
tematically (becoming a sharper peak in nature) with respect
to increasing further pressure. Here, it is important to discuss
the possible origin of this peak N. As the incident laser power
at the sample is very less (<0.5mW), power density will
not generate huge temperatures. Therefore, the appearance
of the N peak could not be due to laser heating. Another
possibility is the splitting of the doubly degenerate mode E,
under pressure. But, the separation between the E, and N
peak is large (for instance, around 10cm™" at 1.0 GPa), and
also the absolute intensities of these two modes are different.
Moreover, our pressure dependence of the phonon calculation

205139-5



V.RAJAIl et al.

PHYSICAL REVIEW B 107, 205139 (2023)

350

(a) @ Expt. data points
— Murnaghan EOS fit
340 |
% 330 -
o
£
S
© 320 4
>
310 +
300 T T T T T T T
0 1 2 3 4 5 6
Pressure (GPa)
224
() @ Expt. data points
22.2 - —— Murnaghan EOS fit
22.0 4
21.8 4
&
o 21.6 4
21.4 4
21.2 4
21.0 4

0 1 2 3 4 5 6
Pressure (GPa)

425 (b) @ Expt. data points
~— Murnaghan EOS fit
4.20 4
3
©
4.15 4
4.10 T T T T T T T
0 1 2 3 4 5 6 7
Pressure (GPa)
(d) @ Expt. data points
5.25 4 Y
5.20 1
o
o
5.15 4
5.10 4
T T T T T v T T T 4 T ¥ T ¥

Pressure (GPa)

FIG. 6. (a) Pressure dependence of the unit-cell volume (V), lattice parameters (b) a, (¢) ¢, and (d) ¢/a ratio of the rhombohedral phase of
TIBiSe,. Blue and red solid lines represent the Murnaghan EOS fit and a guide to the eye, respectively.

does not evidence the degeneracy splitting of E, mode. Hence,
the possibilities of degeneracy splitting are ruled out. In
addition, our synchrotron XRD measurements on TIBiSe,
revealed that the pressure-induced structural transition occurs
only at ~7.0 GPa, and hence this N peak cannot be associated
with a high-pressure phase. Interestingly, our DFPT-based
calculations revealed that the frequency of A,, mode is closely
matching with that of the N mode.

In specific, we observed that approaching the I" point along
the I'L direction (highlighted in yellow in Fig. 3) results in
a close match between the frequency of the A, mode and
that of the N-mode frequency (135cm™'). However, when
approaching the I' point along the I'Z or I'F direction, we
observed a lower frequency of the A,, mode at 125 cm™! (see
in Fig. 3). This phenomenon is due to the long-range Coulomb
interaction in polar materials, which makes the dynamical
matrix nonanalytical in the ¢ — 0 limit and leads to the LO-
TO splitting. For instance, similar to our case, the splitting of
LO and TO components was observed in wurtzite Al,Ga;_,N
alloys [45]. Further, using group theory analysis [46], the

Ay, mode is identified as the hyper-Raman-active mode and
hence it is possibly detected in experiments. Additionally,
DFT-calculated structural parameters evidence the prominent
change in slope of the Tl-Se bond length [see Fig. 9(a)],
and the u parameter [see Fig. 9(b)] with pressure at P, ~
2.5-3.0 GPa, signifying the possibility of an isostructural tran-
sition seen in our experimental observations. These minor
changes might play a role in enhancing the detection of the N
mode at ~1.0 GPa in experiments. In summary, to give clear
experimental insight into this interesting Raman mode (N)
(hyper-Raman mode A,,), the polarization-dependent behav-
ior of this mode in the single-crystalline sample is required,
which is the subject of our future interest. The additional
discussion about the detection of hyper-Raman-active mode
and disordered structures with relevant examples in the lit-
erature [47-51] is commented upon in the Supplemental
Material [43].

To get more details, we have plotted pressure vs Raman
shift of various phonon modes of TIBiSe, up to ~7.0 GPa as
shown in Fig. 7(b). The representative Lorentzian fitting to
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TABLE II. Pressure-dependence behavior of various first-order
Raman-mode frequencies and Gruneisen parameters (y ) of TIBiSe,.
Pressure coefficients for TIBiSe, were fitted using the linear equation
o(P) = o(Py) +a1(P — Py). Gruneisen parameters y are deter-
mined by using the relation y = (=2- x g—ﬁ), where B represents

w(P0)
the bulk modulus (B, = 35.10 GPa).

Raman mode w(Py) (cm™") a; (cm™' GPa™!) y

E, 126.4 4+ 0.1* 2.51 £+0.02° 0.70
N 136.14+0.1° 1.84 +0.02° 0.47
Al 144.3 £ 0.1° 3.04 +0.04° 0.74

M Pressure released
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FIG. 7. (a) Pressure evolution of the Raman spectra of TIBiSe,
at various selected pressures up to ~7.3 GPa. Blue dotted line repre-
sents a guide to the eye. (b) Pressure dependence of the Raman shift
of Ay,, E,, and N phonon modes up to P ~ 7.0 GPa. Red solid line
represents a linear fit to the experimental data.

the experimental Raman spectrum for the selected pressure
values is shown in Figs. S2(a)-S2(d) [43]. As evident from
Fig. 7(b), the phonon-mode frequencies of Eg, N, and Ay,
monotonically increase up to ~7.0 GPa without any changes
(within the experimental resolution). In fact, this is the general
expected trend (hardening) for any phonon mode with applied
pressure. The pressure-dependence behavior of all these Ra-
man modes (E, N, and Ay,) is fitted using a linear equation up
to ~7.0 GPa. Table II summarizes the fitting parameters (pres-
sure coefficients) and Gruneisen parameters of various Raman
modes. As evident from Table II, the pressure coefficient
(ap) of the E; mode (2.51 cm~! GPa™!) is smaller than the
A, mode (3.04cm~! GPa™"). The pressure coefficient of E,
and A, mode is directly related to the compressibility of the
lattice parameters a and ¢, respectively. From our synchrotron
XRD results, the compressibility of the ¢ axis is greater than
the a axis, which is consistent with Raman data of pressure
coefficients of E, and A, modes.

Raman spectroscopy can be effectively used for study-
ing the various fundamental interactions existing in the

2Estimated at room pressure (Py = 1 atm).

solid system. Precisely, Raman linewidth is inversely pro-
portional to phonon lifetime for the crystalline materials.
Hence, it could provide information about the phonon-phonon
interactions, electron-phonon coupling, and spin-phonon cou-
pling existing in the system [14,17,52,53]. Therefore, we
have carefully analyzed the linewidth [i.e., full width at
half maximum (FWHM)] of the phonon modes, and they
are represented in Figs. 8(a) and 8(b). In general, upon
increasing pressure, a systematic increase in linewidth of
phonon modes should be expected. However, here the
FWHM of the E, decreases under pressure up to ~2.5
GPa, and then shows almost constant behavior within the
experimental resolution. The linewidth of N mode de-
creases up to ~7.0 GPa with a significant slope change at
2.5 GPa. The FWHM of the A, peak increases upon pres-
sure up to ~6.1 GPa with a clear slope change at 2.5 GPa.
Interestingly, the observed anomalies in the linewidth of
various phonon modes at ~2.5 GPa might indicate the un-
usual electron-phonon coupling that possibly arises from the
changes in the electronic band structure at high pressure.
It is noteworthy that the PTM also contributes to linewidth
changes beyond its hydrostatic limit. Here, the used PTM
[methanol:ethanol (4:1) mixture] gives the hydrostatic limit
up to ~10.5 GPa and hence clearly rules out the PTM con-
tribution and ascertains that changes observed are intrinsic
to the sample. Since TIBiSe, undergoes a structural phase
transition (both in synchrotron high-pressure XRD and high-
pressure Raman-scattering experiments) only at ~7.0 GPa,
the observed phonon anomalies in our experiments cannot be
due to a structural phase transition. Therefore, the observed
phonon anomalies at ~2.5 GPa clearly suggest an isostruc-
tural electronic transition in T1BiSe,.

D. Theoretical calculations

To understand the experimentally observed Raman anoma-
lies (isostructural electronic transition) at ~2.5 GPa, we
used first-principles calculations to simulate the rhombohedral
phase of TIBiSe, as a function of pressure. Our estimates of
optimized lattice constants of TIBiSe, are a = b = 4.29 A,
and ¢ =22.7A, which agree within the typical GGA er-
rors with their experimental values (a = b =4.24A, ¢ =
22.30 A). Lattice parameters of TIBiSe, vary smoothly with
hydrostatic pressure, signifying the robustness of its crystal
structure up to P ~ 7.0 GPa. Variation in calculated lattice
parameters (a and c) with pressure [Fig. S3(c)] shows that
compression of the ¢ axis is notably faster than that for the
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FIG. 8. (a) Pressure dependence of FWHM of E, and N modes for TIBiSe,. (b) Pressure vs FWHM of A, mode. Solid red arrows at
~2.5 GPa indicate the isostructural electronic transition. Red solid lines represent a guide to the eye.

a axis in corroboration with our experimental observations.
In addition, variation in the T1-Se bond lengths with pressure
[Fig. 9(a)] shows changes in the slope with pressure at P, ~
2.5 GPa supporting the isostructural phase transition seen in
our experimental observations. Here, it is worth monitoring
the positions of Se atoms with pressure; only the z coordinate
of Se position (z—Se; u) defines the Wyckoff positions that are
allowed to vary (T, and Bi atoms are fixed). There is a promi-
nent change in the slope of the u parameter with pressure at
P. ~ 3 GPa, signifying a possibility of an isostructural phase
transition [Fig. 9(b)].

We now attempt to uncover the possible origin of pressure-
dependent changes in Raman anomalies with the electronic
band electronic structure analysis. The electronic structure of
TIBiSe; calculated including SOC at the optimized lattice
constants (P = 0 GPa) reveals a direct band gap of 0.16 eV
at the F point. The band gap estimated here is slightly lower
than the experimental band gap of 0.28 eV, which is typical of
DFT calculations to underestimate band gaps. The electronic
structure of TIBiSe, exhibits valleys at the I and F points of
the BZ. Band gaps estimated using optimized lattice constants
(ambient pressure) at I' and F points are 0.31 and 0.16 eV,
respectively [see Fig. 10(b)]. With increasing pressure from O
to 4 GPa, the energy gap at the F point first closes and then
reopens close to Pg between 1 and 2 GPa [see Fig. 10(f)]. A

3.254 :
(@) | =8 Bi-Se
. 2 ; ooTl-Se
< 1
~3.15 E
£ I
) 3.1 1 S.
c S e
8 : o
o 305 | S
c 1
o 1
m
2.9%
|
, 1 , !
2'90 1 2 6 7

3 4 5
Pressure (GPa)

close examination of the electronic structure at the F' point
reveals the inversion of valence- and conduction bands as
pressure increases from 1 to 2 GPa; it is further evident in
the isosurfaces of charge densities [Fig. 11(a)] associated with
these bands.

On the other hand, the band gap at I" point increases
monotonously with increasing hydrostatic pressure from 0 to
7 GPa, and the gap separating the valence and conduction
bands at I point reduces with negative hydrostatic pressure.
The band gap reduces from 0.31 eV at 0 GPa to 0.10 eV at
—2 GPa [Fig. 10(f)] and then opens up with further negative
pressure. Electronic structure at I' reveals an inversion of
valence and conduction bands at P. in between P = —2 and
—3 GPa, which is also evident in the isosurfaces of charge
densities [Fig. 11(b)] associated with these bands. Further-
more, to understand the effect of SOC in T1BiSe,, we have
calculated the electronic band structure of T1BiSe, without
SOC, and the results are shown in Fig. S4 and commented
upon in Supplemental Material [43].

V. DISCUSSION

Band inversion is one of the signatures of topological
quantum-phase transitions (TQPT) [1,14,18] and hence mo-
tivates us to examine the pressure-dependent bulk electronic

0.259 /%

(b)

0.2551

Internal coordinate (u)

0.254

2 3 4 5 6
Pressure (GPa)

FIG. 9. (a) Calculated pressure dependence of Bi—Se and Tl-Se bond lengths, and (b) the position of Se atoms (internal coordinate) in
the rhombohedral phase of TIBiSe,. Here, the pressure dependence of these structural parameters exhibits changes in the slope at around

P =2.5-3.0GPa.
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P = —2 to 3 GPa). (f) Evolution of direct band gaps at I and F points with hydrostatic pressure showing opening and closing of gaps at the
critical pressures (PL and P} ). Dashed lines represent a guide to the eye.

topology of TIBiSe,. To confirm its topological insulating
character, we determined the strong Z, topological index us-
ing a robust and exact method as employed in the Z2PACK code
[38]. The strong Z, topological invariant (vg) of TIBiSe, cal-
culated at 0 GPais vy = 1 (TI). Thus, the Z, topological index
confirms the nontrivial band topology of TIBiSe, at ambient
pressures and is consistent with the experimental observation
of ARPES measurements [23,26]. Further, the calculated Z,
at 1 and 2 GPa is vy = 1 (TI) and vy = 0 (normal insulator),
respectively, confirming the change in electronic topology,
and establishing the trivial band topology of TIBiSe, at pres-
sures greater than PY > 1 GPa. We find that the topological
invariants calculated at —3, —2, —1, and 0 GPa (vy =0, 1,
1, and 1, respectively) reveal another low-pressure TQPT at
critical pressure (Pg ) between —2 and —3 GPa.

An even number of band inversions typically leads to a TCI
phase. In TIBiSe,, the band gap closes and reopens through an

even number of inversions between the two extreme pressures
(—3 and 2 GPa), implying that even though the phase above
1 GPa cannot be a Z; TI, we can obtain a TCI phase driven
by the mirror symmetry of the hexagonal lattice. To this end,
we determined the mirror Chern number (7;,) as a function
of pressure. The calculated mirror Chern numbers (1) of
TIBiSe, at P = 1 and 2 GPa are ny, = 1 and ny, = 2 (TCI),
respectively. Thus, ny; confirms the change in electronic topol-
ogy and establishes the nontrivial crystalline topology of
TIBiSe, and the TCI phase at pressures above 1 GPa. The
experimentally observed anomalies in phonon linewidths of
Ay, E,, and N modes at P ~ 2.5GPa are closely consis-
tent with our theoretical prediction. Hence, we can attribute
the observed isostructural electronic transition in T1BiSe, at
~2.5 GPa to TCI transition accompanied by the n;.

Notably, a small difference in the transition pressures ob-
tained from an experiment (~2.5 GPa) and theory (~1.2 GPa)
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ny of TIBiSe, evaluated as a function of hydrostatic pressure. Here, the red, blue, and yellow color spheres represent the T1'*, Bi**, and Se?~

ions, respectively.

is observed. Generally, the DFT theory involves various ap-
proximations and shows the typical error in various critical
parameters such as calculated band gaps, lattice parame-
ters, and unit-cell volume. Therefore, the transition pressure
from DFT results may not quantitatively match with high-
pressure experiments. For example, the TQPT was predicted
in BiTel at 1.7 and 4.1 GPa using the local-density approxi-
mations and GGA, respectively [7], while the experimentally
explored transition pressure is ~2.0-2.9 GPa [8]. Similarly,

the TCI transition is predicted at P ~ 3.6 GPa in TIBiS,
system using GGA approximations [13]. However, the exper-
imentally observed transition pressure is P ~ 1.8 GPa [13].
These examples clearly demonstrate the common observa-
tion of a mismatch of transition-pressure values between
the high-pressure experiments and DFT calculations. How-
ever, most importantly, we have observed an isostructural
electronic transition from the Raman linewidth anomalies at
~2.5 GPa within the stability of the rhombohedral structure
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FIG. 12. Changes in the DFT-calculated electron-phonon coupling constant A of Raman-active, (a) E,, and (b) A;, modes of TIBiSe, with

pressure (from O to 7.0 GPa).

of TIBiSe,, and our DFT calculations confirm the presence of
TCI transition with the evidence of mirror Chern number ny,
at ~1.2 GPa quite close accurately.

Pressure dependence of both the Raman-active phonon
modes (calculated) is shown in Figs. S5(a) and S5(b) [43].
Calculated frequencies of Raman-active phonon modes (A,
and E,) exhibit systematic hardening with increasing pressure,
which is in good agreement with experimental observations.
The measure of electron-phonon interaction is the electron-
phonon coupling constant A, which is directly proportional to
the Raman linewidth [13,18,54]. Therefore, we have calcu-
lated the pressure dependence of A for both the E; and Ay,
modes. The calculated A [see Fig. 12(a)] of E, mode shows
the systematic trend of reduction and then a slight rise, closely
consistent with the observed behavior of linewidth of E, mode
[see Fig. 8(a)]. Therefore, changes in the Raman linewidth of
E, mode are attributed to electron-phonon coupling changes.
Thus, there is a clear correlation between changes in the be-
havior of Raman-active mode E, as a function of pressure, and
TQPT recorded within our theoretical analysis. Furthermore,
it is important to mention that, upon pressure, decreasing
linewidth of phonon mode E, and changes in the calculated
electron-phonon coupling constant A have been observed for
the TIBiS, compound [13] during topological transitions.

As regards Aj, mode, the calculated A [see Fig. 12(b)]
slightly increases up to ~2.0 GPa and then undergoes a drastic
reduction until ~5.0 GPa. Afterward, A again slightly in-
creases with increasing pressure. But, experimentally, as the
pressure increases, FWHM of the A, peak increases with a
distinct slope change at 2.5 GPa [see Fig. 8(b)]. Therefore,
the pressure dependence of calculated A and experimental
FWHM for Aj, mode is not similar. However, the trend of
change in slope near low pressure of ~2.0 GPa in A;, mode is
correctly captured in our calculated A, hinting toward topolog-
ical transition. In general, the Raman linewidth (FWHM) for
the crystalline material contains the major contribution from
electron-phonon interactions and anharmonic phonon-phonon
interactions. Therefore, the possible mismatch between the
experimental FWHM and theoretically calculated A might
suggest the existence of strong phonon-phonon coupling in
Aj; mode upon increasing pressure. To support this, very

recently the strong anharmonic phonon-phonon coupling ex-
istence was observed in the TIBiSe, compound [55] and
hence it can be one critical factor. Furthermore, here we
want to highlight that some high-pressure calculations present
similar noncorrelated phonon linewidth behaviors with the
experiments. For instance, phonon modes A;, and Aé of black
phosphorus compound exhibit the anomalies in calculated A
during the topological transitions under high pressure and
are consistent with experimental results [18]. But, the pres-
sure dependence of phonon mode B,, of black phosphorus
shows different behavior of A compared to its experimental
FWHM [18]. Moreover, the choice of exchange-correlation
functional can significantly affect the accuracy of the re-
sults in DFT calculations and therefore it is another critical
factor. For instance, the accuracy of the calculated electron-
phonon coupling constant A can be improved by using a more
advanced functional, such as the screened-exchange hybrid
functional [56]. In summary, to address the more accurate
pressure dependence of Raman linewidth anomalies in Ay,
mode for the TIBiSe, compound, anharmonic approximations
and screened-exchange hybrid functional should be included
but is computationally expensive and beyond the scope of the
present work.

Now it is interesting to compare high-pressure behavior
across ternary chalcogenide TIBiX, (X = S, Se, Te) systems.
The present result is consistent with our earlier work on the
pressure-dependent study of TIBiS, where Raman anomalies
were observed at ~0.5 and ~1.8 GPa and corresponding
first-principles DFT calculated critical pressures of ~—0.4
and ~3.6 GPa were attributed to nontrivial TQPT transitions
[13]. In addition, we also examined the pressure-dependent
electronic structure and topological invariants Z, and ny; of
TIBiTe,. The hydrostatic pressure-dependent electronic
structure of TIBiTe, was calculated without and with
including the SOC at different hydrostatic pressures (from
—2 to 8 GPa) and the results are shown in Fig. S6 and
Fig. S7, respectively. We find a low-pressure TQPT from
a normal insulator to a strong TI at the critical pressure
(PL) between —2 GPa (vp=0) and —3 GPa (vy=1)
associated with the opening and closing of the band gap at I'.
A second band inversion at F results at another topological
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phase transition from strong TI to a TCI at the critical
pressure (Pé7 ) between 1 GPa (vyg =1, nyy = 1) and 2 GPa
(v9 =0, ny = 2). The evolution of band gap at I' and F
points with hydrostatic pressure shows band inversion at the
critical pressures (PL and PL) of TIBiX, (=S, Se, Te), and
comparison between invariant quantities Z, and ny, are shown
in the schematic in Fig. 13. In summary, our first-principles
calculations show that there are two pressure-dependent
TQPTs in TIBiX, (X =S, Se, Te). (i) An odd number of
inversions occurring at I point results in the change of Z,
topological invariant from 0 (normal insulator) to 1 (strong
Z, TI) at critical pressure Pg [between —3 and —2 GPa in
TIBiSe,/TIBiTe, and between —1 and 0 GPa in TIBiS,].
(i1) The second band inversion is noticed at F point with crit-
ical pressure (Pg ) [between 1 and 2 GPa for T1BiSe,/T1BiTe,
and between 3 and 4 GPa for TIBiS,]. Therefore, an overall
even number of inversions (3 from F and 1 from I') results in
ny = 2 (TCI state) and Z, topological index 0.

The experimentally explored high-pressure TCI transition
in the TIBiSe, compound can be observed at room tempera-
ture by chemical pressure strategy. For instance, the chemical
substitution of Sn in the binary chalcogenide PbSe system

(i.e., Pb;_,Sn,Se) leads to the formation of a TCI state at
x = (.23 at ambient conditions [9]. Similarly, ternary chalco-
genide TIBi (S;.,Se, ), gives the TI state at x ~ 5% at ambient
conditions [10]. Therefore these examples clearly illustrate
that the chemical method is one of the promising routes
to observe the explored TCI in TIBiSe, at ambient condi-
tions. Importantly, TCI transition has been shown to enhance
thermoelectric performance. For example, Cr-doped PbSe
(i.e., Pbgg9Crpo1Se) exhibits a higher thermoelectric figure
of merit (ZT) of ~1.7 at 2.8 GPa during the TCI transition
at room-temperature conditions [16]. Hence, the discovery
of new TCI materials and their fundamental understanding
are very essential for technological applications. Further, it
is important to highlight the uniqueness of the electronic
band structure of ternary chalcogenide T1BiSe,. Upon increas-
ing pressure, there is only one band inversion noticed at F
point of the BZ while no overlap of energy bands near the
Fermi level in the electronic band structure. Moreover, the
experimentally observed TCI transition pressure (~2.5 GPa)
is practically accessible by many available high-pressure tech-
niques. Due to these fascinating features, the explored TCI
transition in TIBiSe, can be potentially studied in detail by
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many experimental techniques and unveil the mysteries of
the TCI. Furthermore, our present and earlier study [13] con-
firm that the ternary chalcogenide family TIBiX, (X =S, Se,
Te) are potential candidates to show the TCI transition. In
these systems, the externally applied hydrostatic pressure acts
as a switch to change its electronic topology. In specific,
here the ambient condition 3D TI system TIBiSe, switches
into TCI under hydrostatic pressure conditions at relatively
lower pressure regions ~2.5 GPa. Finally, we hope that the
discovered TCI phase in TIBiSe, will stimulate further high-
pressure research interest in this class of materials using
adequate quantum transport-sensitive measurements such as
Shubnikov—de Haas oscillations, and optical measurements
such as IR reflectivity for the complete fundamental under-
standing and possible technological applications.

VI. CONCLUSION

In conclusion, we comprehensively studied the hydro-
static pressure behavior of TIBiSe, using combined structural
and vibrational spectroscopic experiments and first-principles
DFT calculations. Structurally, the rhombohedral phase is
stable up to ~7.0 GPa. However, observations of phonon
(E,) linewidth anomalies at ~2.5 GPa provide evidence for
unusual electron-phonon coupling changes in the thombohe-

dral phase of TIBiSe,. Further, the first-principles theoretical
calculations corroborate the experimentally observed isostruc-
tural electronic transition as TCI transition marking a change
in mirror Chern number ny,. The pressure-dependent evolu-
tion of the topological phases in the ternary chalcogenide
family TIBiX, (X = S, Se, Te) exhibits a generic topological
transition behavior with pressure. Finally, our studies suggest
that the Tl-based ternary chalcogenides (III-V-VI,) constitute
rich systems for the observation of topological phase transi-
tions under hydrostatic pressure conditions.
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