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Pressure-induced superconductivity in the weak topological insulator BiSe
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Layered BiSe in the trigonal P3m1 phase is a weak topological insulator and a candidate topological crystalline
insulator. Here using structural, spectroscopic, resistance measurements at high pressure and density functional
theory calculations, we report that BiSe exhibits a rich phase diagram with the emergence of superconduc-
tivity above 7 GPa. Structural transitions into SnSe-type energetically tangled orthorhombic structures and,
subsequently, into a CsCl-type cubic structure having distinct superconducting properties are identified at 8
and 13 GPa, respectively. Superconductivity is preserved as the system transforms back to the trigonal phase
upon release of pressure. Spin-orbit coupling plays a significant role in enhancement of 7 in the trigonal and
cubic phases. In the orthorhombic Cmcm phase, T, decreases monotonically with increasing pressure, whereas
unusual pressure-independent 7, is observed in the cubic Pm3m phase. Theoretical analysis reveals topological
surface states in the cubic phase. The emergence of superconductivity within the topological phases makes BiSe

a candidate topological superconductor.

DOLI: 10.1103/PhysRevB.107.024506

The search for superconductivity in various types of topo-
logical quantum materials has been of immense current
research interest for the possible exploration of Majorana
quasiparticles in condensed matter physics and for poten-
tial applications in topological quantum computation [1,2].
Among these, three-dimensional (3D) topological insulators
(TTs) are characterized by nontrivial Z, band topology due to
the presence of strong spin-orbit coupling (SOC) and time-
reversal symmetry (TRS) invariant and exhibit spin-polarized
metallic surface states forming a Dirac cone. These are further
classified as either strong (STI) or weak (WTI) topological
insulators based on the TRS invariant criteria. In a STI, TRS
protects the surface states on all surfaces with an odd number
of Dirac cones, whereas a WTI is considered as stacking of 2D
TI layers and thus the surface states occur only on the side sur-
faces with even number of Dirac cones and the layer surface
remains insulating [3—10]. Topological crystalline insulators
(TCIs) are another class with nontrivial band topology where
conducting surface states with even number of Dirac cones
are protected by crystal mirror symmetry without the need
for SOC [11-13]. Most weak topological insulators are also
candidates for TCIs having gapless states on the layered
surfaces [8,14,15], making them candidates for higher-order
topological insulators [16,17].

Superconductivity (SC) in 3D TIs has been observed by
the proximity effect, chemical doping, as well as under pres-
sure [18-22]. Cu-intercalated highly doped Bi,Ses; exhibits
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unconventional bulk SC with Andreev bound states on its
surface, characterizing a topological SC state [20,21]. Efforts
to induce SC at high pressure to obtain clean 3D topological
SC without doping often lead to structural transitions into
topologically trivial metallic phases prior to the emergence of
SC [22,23]. Searching for SC in diverse TIs, including WTTs,
is thus of tremendous current interest. Recently, bismuth-
bilayer sandwiched Bi,Ses;, BiyTes, and BiTel superlattice
structures are reported to exhibit coexisting WTI and TCI
states [8,14,16,24], and are promising candidates to exhibit
intriguing topological properties also at high pressure.

Here we report structural, vibrational, and resistance mea-
surements at high pressure and density functional theory
calculations on BiSe, a natural superlattice of Bi,Se; — Bi, —
Bi,Se; unit. The ambient trigonal phase (P3m1) undergoes an
isostructural transition at ~3 GPa, followed by a total struc-
tural reconstruction above 8 GPa into SnSe-type orthorhombic
structures, with energetically tangled mixed phases (Cmcm
and Pnma). At pressures above 13 GPa, a CsCl-type cubic
phase (Pm3m) is stabilized. With increasing pressure, the
signature of filamentary SC onset has been noticed within
the trigonal phase at ~6 GPa, although zero resistance has
been detected above ~8.5 GPa. Upon release of pressure,
BiSe transforms back to the trigonal structure that supports
WTTI and TCI states and, more importantly, SC is preserved
in the pressure-released sample, with T, significantly en-
hanced compared to the theoretically estimated value. The
presence of strong SOC in the trigonal phase is clearly ev-
ident from the observed weak antilocalization cusp in the
magneto-resistance measurements. In the mixed phase region
at the trigonal-orthorhombic structural transition, the inhomo-
geneity of emerged SC phases is evident from the observed
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resistance peak at the SC onset and two-step transition. The
onset 7, of the Cmcm phase shows a dome-shaped p de-
pendence, whereas unusual p-independent 7, is observed in
the cubic phase. Our ab initio surface-state calculations have
revealed a linear band crossing (Dirac band) on the (001)
surface of the cubic BiSe phase, predicting the topological
semimetal state.

High-quality single crystals of BiSe were synthesized
by the modified Bridgman method, as described elsewhere
[24]. X-ray diffraction (XRD) measurements at high pressure
are performed at the XPRESS beam line of the Elettra syn-
chrotron with Au as the x-ray pressure marker. Raman spectra
from a BiSe single crystal are recorded using the HORIBA
Jobin Yvon (HR-800) Raman spectrometer. Diamond Anvil
Cell (DAC)-based resistance and magneto-resistance (MR)
measurements have been performed on single crystals (dimen-
sion ~100 x 100 x 20 pm), using the standard four-probe
method (with 4-pum-thick Pt leads to make electrical contacts
with the sample in the van der Pauw geometry) and by the ac
lock-in detection technique. For measurements down to 1.4 K,
the DAC (Stuttgart version) is mounted inside a KONTI-IT
(Cryovac) cryostat. A nonmagnetic Cu-Be DAC (Easylab) is
used for MR, Hall resistance, and dc-magnetic susceptibility
measurements using a superconducting quantum interference
device (SQUID) magnetometer (Cryogenic Ltd.). Pressures
were measured by ruby luminescence.

Density functional theory (DFT) calculations have been
performed using the QUANTUM ESPRESSO package [25]. The
exchange correlation energy is determined using the general-
ized gradient density approximation (GGA) as parameterized
by Perdew, Burke, and Ernzerhof [26]. The scalar and fully
relativistic ultrasoft pseudopotentials [27,28] are used for in-
clusion of the interactions between ionic cores and valence
electrons and the effects of SOC. The crystal structure at each
pressure is obtained by optimizing the lattice constants and
atomic coordinates through minimization of enthalpy. Phonon
frequencies of all BiSe phases are estimated using density
functional perturbation theory (DFPT) as implemented in the
QUANTUM ESPRESSO code [29]. The SC T is estimated within
the BCS theory by calculating the Eliashberg spectral function
and using the McMillan’s equation [30]. The (001) surface
of the cubic (Pm3m) BiSe phase is modeled with a periodic
supercell consisting of infinite slab and vacuum to determine
the surface electronic states (see Supplemental Material [31]).

X-ray powder diffraction patterns of BiSe at various pres-
sures are shown in Fig. 1(a). The ambient trigonal structure
(P3ml, z = 6) is stable up to 7.4 GPa. However, a closer
look at the pressure variation of the trigonal c¢/a ratio shows a
change in slope near 3 GPa [Fig. 1(d)], indicating an isostruc-
tural transition, which is also supported by the change in bulk
compressibility and the p dependence of the Raman mode
frequencies (see Supplemental Material [31]). At 7.8 GPa, the
emergence of several new Bragg peaks indicates a structural
phase transition. The trigonal phase, however, persists up to
9 GPa with decreasing phase fraction. The new peaks can
be indexed as a combination of two orthorhombic phases,
Cmcm and Pnma (GeS type). Similar tangled high-p or-
thorhombic structures have been reported earlier for SnTe
and SnSe compounds due to the closely matching enthalpy
in these structures [32,33]. The emergence of new peaks
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FIG. 1. (a) XRD patterns of BiSe at various pressures. The top
pattern is at 0.5 GPa upon p release, indicated by (R). (b) The phase
transition sequence upon p increase; the vertical line represents an
isostructural transition at P, ~ 3 GPa. Crystal structures are shown
for different BiSe phases. Pressure variation of (c) volume per for-
mula unit in different phases and (d) the c¢/a ratio in the low-p
trigonal phase. Red open symbols represent the data upon p release;
theoretical results are shown by the dashed curve.

above 13 GPa has been indexed as the cubic BiSe phase
(Pm3m). The orthorhombic phase fraction rapidly decreases
above 14.6 GPa, and the structural transition to the cubic
phase is nearly completed at 17.6 GPa. The structural details
are obtained by the Rietveld fit of the diffraction patterns up
to 7.4 GPa, and the multiphase LeBail profile fits at higher
pressures (see Supplemental Material [31]). Figure 1(c) shows
the p variation of volume per formula unit in different phases,
highlighting the mixed phase regions. Figure 1(b) displays
BiSe lattices and phase stability ranges; the trigonal structure
first undergoes a complete atomic rearrangement into the or-
thorhombic structural motif, which upon p increase evolves
into the cubic structure. An enhanced structural disorder at
high p is apparent from the intrinsic broadened Bragg peaks.
The Raman spectra show dramatic changes across the struc-
tural transitions (see Supplemental Material [31]). Although
the structural transitions are reversible, the observed broad
XRD peaks at 0.5 GPa upon p release indicate the irreversible
nature of structural disorder [see Fig. 1(a)].

The band structure calculations including SOC of the am-
bient trigonal (P3m1) phase of BiSe reveal band inversion
along the I'-A direction and opening of a band gap at all
k vectors in the Brillouin zone (see Supplemental Material
[31]). An analysis based on the Fu-Kane method [3] confirms
the weak topological insulator state [Z, invariant (0;001)] with
an indirect band gap of 11 meV. Figure 2(a) shows the pressure
variation of the calculated enthalpy AH of the orthorhombic
and cubic phases with respect to the trigonal phase of BiSe.
AH of the orthorhombic phases (Cmcm and Pnma) decrease
monotonically and eventually becomes negative near 10 GPa,
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FIG. 2. (a) Pressure-dependent enthalpy difference (per formula
unit) AH of orthorhombic Pnma, Cmcm, and cubic Pm3m BiSe
phases with respect to the P3m1 phase. (b) Pressure variation of the
band gap as calculated with and without SOC. Electronic structure
(with SOC) of the P3m1 phase at (c) 2 GPa and (d) 6 GPa. Changes in
the positions of the conduction band minima, marked by red arrows
in (c) and (d), explain the anomalous pressure dependence of the
band gap in (b). (¢) Comparison of electronic structures (with SOC)
of the 1 x 1 x 10 supercell of the Pm3m phase with 15 A vacuum
along the ¢ axis and that without vacuum. Three doubly degenerate
surface states near the M point are denoted by 1, 2, and 3. (f) Linear
band crossing is seen for band 2 at 12 meV below the Fermi level.

confirming the structural transition to the orthorhombic phase.
Although the Cmcm phase is energetically favorable in the
p range of 10-15 GPa, the Pnma phase, having closely
matching enthalpy, can be kinetically stable near 10 GPa
at room temperature, in accordance with our XRD results.
The enthalpy variation also supports the stability of the cubic
(Pm3m) phase above 15 GPa. The p variation of the estimated
lattice parameters of the P3m1 phase shows an anomaly at
4.5 GPa, agreeing with the observed isostructural transition
[see Fig. 1(c)]. This has also been evident from the changes
in p coefficients of the calculated Raman mode frequencies,
in agreement with Raman studies (see Supplemental Material
[31]). It may be noted that the structural transition pressures
have been overestimated by ~2 GPa in our DFT calcula-
tions. The smallest (indirect) band gap of the trigonal phase
increases to 80 meV at 4 GPa, beyond which it decreases
and eventually vanishes at 10 GPa [Fig. 2(b)]. Such reversal
trend of the band gap above 4 GPa results from the change in
conduction band minimum from the I'-K direction to the L
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FIG. 3. (a) Resistance of BiSe plotted as a function of tempera-
ture at various pressures. The plot marked 0.5(R) is at 0.5 GPa upon
prelease. Resistance is measured in the ab plane of the trigonal struc-
ture. (b) R(T) plots near the SC transition above 5.8 GPa. Magnetic
field variation of the R(T") plots near the SC transition at (c) 5.8 GPa,
(d) 8.1 GPa, and (e) 9.3 GPa. The inset in (e) shows the T.-H data
plot at 9.3 GPa and the Ginzburg-Landau fit.

point of the Brillouin zone (BZ) [Figs. 2(c) and 2(d)]. The
indirect-indirect band-gap crossover can be associated with
the observed isostructural transition. Analysis shows that the
weak topological insulator state [with Z, invariants (0;001)]
remains unchanged in the gapped state and BiSe becomes
metallic above 10 GPa. Our supercell calculation for an in-
finite slab of the Pm3m phase with vacuum interface shows
the emergence of doubly degenerate surface bands with linear
crossing near the Fermi level, revealing the topological nature
[see Figs. 2(e) and 2(f)], whereas the metallic orthorhombic
phases (Cmcm and Pnma) are found topologically trivial.
Single-crystal BiSe usually grow as highly n doped due to
Se vacancies [24], displaying large bulk metallic conduction,
as in the case of Bi,Se; [34]. Figure 3(a) shows T-dependent
resistance plots at various pressures. The overall R(T') behav-
ior changes only marginally up to 8.1 GPa, except at low
temperatures. A resistance peak feature is observed below
8 K at 7.3 and 8.1 GPa [see Fig. 3(b)]. The magnetic field
dependence [Fig. 3(d)] and current variation measurements
(see Supplemental Material [31]) suggest this feature to be as-
sociated with the onset of SC domains. The peak feature near
the onset of the SC transition and also two-step transitions
have been presented earlier for many layered topological insu-
lators [22,35-37]. The detailed investigations of boron-doped
diamond have revealed that the resistance peak or two-step
transitions originate from the formation of bosonic islands
at the SC onset and subsequently achieving the percolation
threshold at a lower temperature, initiating a resistance drop
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[38,39]. This is attributed to the granularity (intrinsic and ex-
trinsic) of the emerged SC domains. As the SC in BiSe appears
near the border of the structural transition, it is suggested that
bulk SC emerges in the orthorhombic phases. The onset T;.s
are determined from the peak positions in the dR/dT plots
(see Supplemental Material [31]). At 5.8 GPa, the observed
resistance anomaly near 7 K is also assigned to the onset
of filamentary SC, based on the observed field dependence
[Fig. 3(c)].

At 9.3 GPa, the resistance drops significantly in two steps
at 6.8 and 2 K [Fig. 3(b)]. The large separation between the
steps hints that the feature arises due to the two coexisting
SC phases with distinct 7¢s, as supported by our theoretical
estimation; the Cmcm phase has higher T, than Pnma. While
the first step is due to SC onset of the Cmcm phase, the
broad hump-shaped resistance drop at lower T for p up to
13.8 GPa corresponds to the SC onset of the Pnma phase.
In a second measurement (Run2), a two-step and bumplike
resistance anomaly with zero resistance at 1.4 K is observed
at 8.5 GPa, indicating a large fraction of the Pnma phase at
this pressure (see Supplemental Material [31]). The magnetic
field dependence of the R(T') curve at 9.3 GPa shows that the
onset T,; of the Cmcm phase decreases systematically with
increasing field [see Fig. 3(e)]. At a field of 7 T, the SC transi-
tion almost smears out. The T.-H plot, when fitted with the
Ginzburg-Landau (GL) equation Ho=H,(0)[(1-t*)/(1+t?)],
where t=T/T,, estimates the upper critical field H.,(0) ~8.7 T
for the Cmcm phase. This is well below the BCS weak-
coupling Pauli limit of H, = 1.86 % T, (0) = 12.6 T. H.»(0)
has been estimated as ~3 T for the Pnma phase from the
field variation of the second onset T, at 12.5 GPa. At pres-
sures above 12.5 GPa, the R(T') curves change drastically. An
unconventional metallic behavior (dR/dT < 0) is observed
below 150 K, possibly due to p-induced structural disorder,
as evident from XRD peak broadening. The distinct sharp
resistance drop below 8 K at 18 GPa is associated with the
high-p cubic BiSe phase, as the Cmcm to Pm3m structural
transition is nearly completed at this pressure. At 15 GPa, a
clear resistance anomaly at 8 K is due to the presence of a
small fraction of the Pm3m phase. Upon p release, unconven-
tional metallic R(T") persists at 0.5 GPa [see Fig. 3(a)] and,
more importantly, SC is preserved with 7, ~ 2 K [Fig. 3(b)].
The observed SC is assigned to the ambient trigonal phase and
the enhanced structural disorder is believed to be responsible
for the unconventional metallic nature in its normal state. The
emergence of SC in the ambient trigonal phase by p cycling
provides a different route to explore topological SC.

The pressure variation of SC 7, is summarized in Fig. 4(a).
The onset 7, shows a dome-shaped behavior in the Cmcm
phase. With the emergence of the Pm3m phase, T, increases
abruptly to 8 K and remains mostly unchanged with p in-
crease. The distinct p variations of 7. and the SC transition
width help assign distinct SC phases with different struc-
tures. The bulk nature of SC in the high-pressure phases
is evident from the observed diamagnetic response in the
dc-susceptibility measurements [Fig. 4(b)]. Our calculated
Eliashberg spectral functions indicate that the optical phonons
at high-symmetry points couple strongly with the electronic
states (see Supplemental Material [31]). The estimated 7s are
6 and 4.2 K in the Cmcm and Pnma phases, respectively, at
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FIG. 4. (a) Pressure variation of SC 7, (from experiment and
theory); p ranges for distinct phases are shown shaded. Symbols
are explained in the legend box. (b) Zero-field-cooled (ZFC) dc-
susceptibility data at 50 Oe field at high pressures. (c) In-plane
resistance of the trigonal BiSe phase at 2.5 K as a function of field
at various pressures. The resistance scale is shown for the curve at
0.5 GPa. The curves for higher p are arbitrarily shifted for clear
comparison of low-field WAL features. The dashed line at 0.5 GPa is
the power-law fit of the high-field MR data.

12 GPa. The electron-phonon coupling (EPC) constant in the
Cmcm phase decreases rapidly with increasing pressure by
mode stiffening, resulting in the p-induced decrease of T, in
agreement with experiments. In the Pm3m phase at 18 GPa,
estimated 7, = 4.8 K. The observed enhanced 7.(~ 8 K) can
be understood in terms of the effect of SOC that enhances
the EPC due to the increased phonon linewidth, which is in
agreement with the Raman results (see Supplemental Material
[31]). The prediction of the topological surface states and
the observed bulk SC identify the Pm3m BiSe phase as a
candidate for topological SC. The unusual p-independent 7
in this phase indicates the possible unconventional nature of
SC, which warrants further investigations at higher field.

We estimate the SC T, = 0.3 K (without SOC) in the
trigonal (P3m1) phase at 6 GPa. Based on our theoretical un-
derstanding of the cubic BiSe phase, we justify the observed
resistance drop at 5.8 GPa with possible onset of filamentary
SC below ~7 K as originated from the enhanced EPC due
to SOC-induced phonon linewidth broadening. This is sup-
ported by the observed abrupt and irreversible broadening of
the Raman spectra above 6 GPa. The signature of the strong
SOC in the P3m1 phase is clearly evident from the field-
dependent in-plane resistance plots [Fig. 4(c)]. The cusplike
enhanced positive magneto-resistance at low field is due to
weak antilocalization (WAL). The quantum correction to the
bulk conductivity in this WTI occurs due to the strong SOC-
induced formation of spin-polarized Rashba states on its (001)
plane [14,24]. The prominent WAL feature has been observed
in the R(B) plot at 5.8 GPa. In the case of the p-released
sample, the enhanced structural disorder (as evident from

024506-4



PRESSURE-INDUCED SUPERCONDUCTIVITY IN THE ...

PHYSICAL REVIEW B 107, 024506 (2023)

XRD) add additional phonon linewidth broadening (seen in
the Raman spectra), causing further enhancement of the EPC
and so increased SC 7. While zero resistance clearly indicate
SC transition, nonobservation of the diamagnetic response at
2 K may be due to the small SC volume fraction; however, the
possibility of surface-state linked superconductivity cannot be
ruled out. The above results thus encourage further experi-
mental and theoretical investigations to understand the role
of SOC in the emerged SC and the topological nature in the
p-released sample.
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