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Pressure-induced superconductivity and nontrivial band topology in compressed γ-InSe
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We performed high-pressure electrical transport and Raman measurements on a two-dimensional
rhombohedral semiconductor γ -InSe. Our results confirm two structural phase transitions at high pressure. More
interestingly, a domelike superconducting transition with maximum Tc around 2.3 K is discovered when the
compound transforms to the cubic CsCl phase above 40 GPa. Our first-principles calculations indicate that the
high-pressure superconducting phase possesses nontrivial topological band structure in the vicinity of the Fermi
level. These results show that the physical properties in this material strongly depend on its structure, which
provides insights into the interplay between superconductivity and topological physics. Our work suggests
promising emergent phenomena in this material and other related III-VI semiconductors under high-pressure
conditions.
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I. INTRODUCTION

Since the discovery of graphene [1], two dimensional (2D)
semiconductors have attracted tremendous interest since they
offer fascinating opportunities in the field of microelectronic
and optoelectronic devices due to their novel properties. One
of the layered III-VI semiconductors, InSe, has attracted
extensive attention recently due to its potential application
in the fields of optoelectronics and thermoelectric devices
[2–12]. InSe exhibits high photoresponsivity, excellent elec-
trical properties, and nonlinear optical effect [3,7]. However,
its physical properties under extreme conditions were not fully
explored and more experiments are needed to search for its
emergent phenomena.

At ambient conditions, InSe crystallizes in the layered
rhombohedral phase [13], built as a stack of 2D layers formed
by two honeycomb In-Se sheets which are bound by strong
In-In covalent bonds; layers are bound by weak van der Waals
forces. InSe crystals can exist in three polytypes denoted as
β, γ , and ε phases. γ -InSe is the most studied polytype
with ABCABC stacking arrangement as shown in Fig. 1(a).
Monolayer and few-layer γ -InSe have been proved [7] to
possess high electron mobility in the order of 103 cm2 V–1 s–1,
and the band gap of γ -InSe is highly tunable in the few-layers
regime possibly related to the strong quantum confinement
effect [7,14–22]. Since γ -InSe posseses the excellent metal
contact and moderate band gap range [23], it is proposed
to offer the opportunity for presenting tunable nanodevices
[16,24,25]. The InSe flake photodetectors were broad spectra
responsive from visible light to near infrared [26]. Ultra-
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high photoresponsivity and detectivity were achieved in InSe
nanosheet photodetectors [27]. Optimization and tuning of its
structure symmetry or/and lattice parameters may enhance the
electronic, optoelectronic, and thermoelectric performances,
as well as lead to novel physical phenomena. A robust layered
indium selenide (InSe) field-effect transistor (FET) delivers a
high electron mobility up to 3700 cm2 V–1 s–1 at room temper-
ature by depositing an indium (In) doping layer [28]. Besides
doping, high pressure is another effective method to provide
such tuning of the physical properties of the materials [29]. By
applying high pressure, crystal structure can be significantly
modified and many interesting physical phenomena emerge,
such as superconductivity [29]. Early high-pressure works
[30] indicate that γ -InSe can transit to the cubic rocksalt phase
and cubic CsCl phase at high pressure [30]. However, the
physical properties of the high-pressure phases are still not
well studied. In addition, the band structure is strongly related
to the crystal structure. It is also interesting to check whether
a nontrivial topological band structure emerges in the high-
pressure phase. Here, we combined the high-pressure Raman
and electrical transport measurements on this layered material
γ -InSe. We confirmed two structural phase transitions at high
pressure. More interestingly, the domelike superconductivity
emerges in the cubic CsCl phase. The maximum Tc is around
2.3 K around 44 GPa; such a domelike Tc behavior is similar to
the compressed nonmagnetic topological line-nodal material
CaSb2 [31]. The first-principles calculations indicate that the
high-pressure superconducting phase possesses a nontrivial
topological band structure.

II. METHODS

High quality single crystals with nominal composition InSe
were grown by the Bridgman method [32]. We conducted the
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FIG. 1. (a) Representation of structure for γ -InSe at ambient
pressure with space group R3m. (b), (c) Representations of high-
pressure structures with space group Fm3̄m and Pm3̄m.

electrical transport measurements on γ -InSe single crystals
under pressure by using the miniature diamond anvil cell.
Diamond anvils with 300-μm culets and sample chambers of
diameter 80 μm were used for the high-pressure electrical
transport measurements which could generate the pressure
above 50 GPa. c-BN was used as the insulating layer between
the electric probes and the rhenium gasket, which is made by
compressing the c-BN + epoxy up to 25 GPa. The crystal was
cut with the dimensions of 60×60×10 μm3 and NaCl was
used as a pressure-transmitting medium. Resistivity and Hall
coefficient were measured using the van der Pauw method in
a Quantum Design Physical Properties Measurement System.
A diamond anvil with a 300-μm culet was used for the high-
pressure Raman measurements with incident laser wavelength
of 532 nm. Daphne 7373 oil was loaded as the pressure
transmitting medium. Pressure was calibrated by using ruby
fluorescence shift at room temperature for both the transport
and Raman measurements.

First-principles calculations based on the density func-
tional theory (DFT) [33] are implemented in the Vienna
ab initio simulation package (VASP) [34], in which the Perdew-
Burke-Ernzerhof (PBE) functional [35] is used to describe
the exchange correlation energy. The plane-wave-basis cutoff
energy is set to 450 eV for treating the core-valence interac-
tions, and the convergence criterion of structural relaxation is
10–7 eV in energy and 10–3 eV/Å in force. The Brillouin zone
(BZ) is sampled by a 14×14×14 Monkhorst-Pack grid [36].
The Z2 topological invariant is obtained from the parity eigen-
values at time-reversal invariant momentum (TRIM)points,
which are performed by using the IRVSP package [37].

III. RESULTS AND DISCUSSION

InSe single crystals grown by the Bridgman method above
at ambient conditions is γ -InSe, as shown in Fig. 1(a), which
belongs to space group R3m [13]. Figures 1(b) and 1(c) shows
the high-pressure structures of the cubic rocksalt phase (space

group Fm-3m) and cubic CsCl phase (space group Pm-3m),
respectively. Previous high-pressure x-ray diffraction (XRD)
indicates the layered rhombohedral structure transforms to the
rocksalt structure around 10 GPa at room temperature [30].
Above 40 GPa, the rocksalt structure turns to the cubic CsCl
structure [30].

In order to search for the new physical phenomena under
pressure, we performed high-pressure resistivity measurement
with current applied along the ab plane on the rhombohedral
γ -InSe single crystal. Figure 2(a) shows the temperature de-
pendence of the resistivity for γ -InSe at various pressures
up to 40.6 GPa. Below 8.1 GPa, the resistivity shows an
insulating behavior and the resistivity can be gradually sup-
pressed with increasing the pressure. With pressure above 11
GPa, the resistivity slightly increases with increasing the pres-
sure, which is probably due to the structural transition from
rhombohedral structure to rocksalt structure. The resistivity
starts to decrease above 23.4 GPa and shows metallic behavior
with the pressure above 40 GPa as shown in Fig. 2(c). More
interestingly, the resistivity shows a sudden drop at low tem-
perature with pressure above 40 GPa. Such sharp decrease
of the resistivity is due to the superconducting transition;
zero resistivity is reached around 44 GPa and Tc reaches
its maximum value of 2.3 K as shown in Fig. 2(d). The
superconducting transition temperature Tc can be gradually
suppressed by further increasing the pressure. The discovery
of superconductivity in InSe adds insight into the physics in
III-VI semiconductors under high-pressure conditions. It can
be seen that the resistivity at 10 and 300 K which is extracted
from the temperature dependence of resistivity curves changes
significantly around 10 GPa and around 40 GPa as shown in
Fig. 2(b), consistent with the previous research [30] which
reports two structural phase transitions at high pressure. This
result is also supported by the changes in Hall coefficient
and mobility at 10 K around 10 and 40 GPa in Fig. 2(b).
The Hall resistivity measured at 10 K under various pres-
sures were shown in Supplemental Material Fig. S1 [38]. The
negative Hall coefficient indicates the electron is the primary
carrier despite the different structures at high pressure. More
interestingly, the Hall coefficient is nearly invariant in the
rocksalt phase and starts to decrease when the sample evolves
to the CsCl phase, indicating the enhancement of the carrier
density at high pressure which may be quite crucial to the
superconductivity.

The observed superconductivity in InSe was further sup-
ported by the evolution of the resistivity-temperature curve
with the magnetic fields applied along the c axis as shown
in Fig. 3. The sudden drop of the resistivity curves grad-
ually shift towards the lower temperature with increasing
the magnetic field. It can be seen that 0.13 T is sufficient
to suppress superconductivity below 2 K at 40.6 GPa. We
can estimate the upper critical field (Hc2) from these re-
sistivity curves. The Hc2 shows a linear dependence with
respect to the Tc as shown in Fig. 3. Within the weak-
coupling BCS theory, the upper critical field at T = 0 K can
be determined by the Werthamer-Helfand-Hohenberg (WHH)
equation [39] Hc2(0) = 0.693[−(dHc2/dT )]Tc

Tc. We can de-
duce that Hc2(0)∼0.66 T.

Raman experiments on III-VI layered materials under high
pressure have been used as a tool to investigate the struc-
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FIG. 2. (a) Temperature dependence of the resistivity for γ -InSe up to 40.6 GPa. (b) Pressure dependence of the resistivity (at 10 and
300 K), Hall coefficient (at 10 K), and mobility (at 10 K) for γ -InSe. Panels (c) and (d) show the emergence of superconductivity above 40
GPa and the maximum Tc is about 2.3 K around 44 GPa.

ture stability [40–42]. In order to further study the structural
evolution and phase transition of InSe, we have measured

FIG. 3. Temperature dependence of the resistivity for γ -InSe
with the pressure of 40.6 GPa under various magnetic fields. Inset:
Upper critical field Hc2 for pressure at 40.6 GPa. Tc was determined
from the 90% resistivity transition.

the Raman spectroscopy at room temperature as shown in
Fig. 4. Figure 4(a) shows the Raman spectra of InSe at various
pressures up to 10 GPa. Three Raman peaks located at 114,
175, and 224 cm–1 can be observed at ambient pressure in
our experiments, which correspond to A1

1g, E1
2g, A2

1g modes,
respectively [21,43–45]. As the pressure increases, all the
three Raman modes linearly shift to higher wave numbers as
shown in Fig. 4(b). When the pressure is above 10 GPa, all the
peaks disappear, which indicates that the sample transforma-
tion to the rocksalt phase is complete. Our Raman results are
consistent with the structural phase transition proposed from
the previous research [30].

By combining the high-pressure resistivity and Raman re-
sults, we can map out the phase diagram as shown in Fig. 5.
We can clearly see that the resistivity suddenly changes across
the two structural phase transitions around 10 and 40 GPa. The
different colors in Fig. 5 represent the different phases, and
the phase boundaries determined from our work are consistent
with previous XRD studies [30].

Using first-principles calculations based on the density
functional theory (DFT), we investigate the evolution of elec-
tronic structures of InSe with the increase of pressure. The
calculated results of InSe with CsCl structure under 50 GPa
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FIG. 4. (a) Raman spectra of γ -InSe at various pressures up to
10 GPa at room temperature. The Raman modes disappears above
10 GPa due to the structural phase transition. (b) Pressure depen-
dence of the three Raman modes at room temperature.

are present in Fig. 6. As shown in Figs. 6(a) and 6(b), the
band structures of InSe exhibit the typical metallic behavior
with electronlike Fermi pockets under 50 GPa, consistent
with the experimental observation. The projected DOS indi-
cates that In-s, In-p, and Se-p states significantly contribute
to bands near the Fermi level [see Fig. 6(c)]. We further
analyze the topological properties of InSe under 50 GPa. In
the absence of spin-orbital coupling (SOC), it is found that
band crossings occur along the X-M and M-Г paths in the
vicinity of the Fermi level, respectively [see Fig. 6(a)]. These
two intersecting bands along the X-M path (or the M-Г path)

FIG. 5. The phase diagram of γ -InSe at high pressure. Supercon-
ductivity emerges above 40 GPa. The color represents the magnitude
of the resistivity measured under various pressures and temperatures.

belong to different irreducible representations (IRs) Г1 and
Г2 of the mirror reflection symmetry, forming the nodal ring
with respect to the band inverted point M. Since the crystal
structure of InSe under 50 GPa hosts the inversion (I) and
time-reversal (T ) symmetries, this nodal ring is protected
by the combination of IT symmetry. In addition, the mir-
ror symmetry Mi (i = x, y, z) guarantees that the nodal ring
is present on the reflection-invariant plane. Considering the
fourfold rotational symmetry, there are 12 Dirac nodal rings
symmetrically distributed in the BZ of InSe. As shown in
Fig. 6(b), the presence of SOC can gap the nodal rings due
to the spin-rotation symmetry breaking. The calculated band
gaps along the X-M and M-Г paths are 136 and 66 meV,
respectively. Due to the existence of continuous band gaps be-
tween bands near the Fermi level, we can calculate the parity
eigenvalues at the time-reversal invariant momentum (TRIM)
points to reveal band topology. As illustrated in Fig. 6(d),
considering band 7 as the occupied band, the system exhibits a
strong topological invariant Z2 = (1; 000), while band 9 and
band 5 are topologically trivial. Therefore, the gapped nodal
rings induced by SOC are topologically nontrivial.

From our first-principles calculations as presented in
Supplemental Material Figs. S2 and S3 [38], we found that
the insulating ambient-pressure phase would transfer to the
metallic rocksalt phase, consistent with our transport measure-
ments. More interestingly, our work demonstrates that InSe
becomes the superconductor when the structure turns to CsCl
type at high pressure. Pressure-induced superconductivity is
also observed in another layered III-VI semiconductor, GaSe,
in which superconductivity up to 5 K is discovered above
25 GPa [46]. However, in contrast to our case, the structure
of the superconducting GaSe phase is the rocksalt type rather
than the CsCl type [47]. More strikingly, the superconducting
phase possesses a nontrivial band structure, which makes this
material a prototype to study the interplay of topology and
superconductivity.

IV. CONCLUSION

In summary, we investigate in detail the pressure effect
on the layered rhombohedral semiconductor γ -InSe. Our
high-pressure transport and Raman experiments confirm two
structural phase transitions at high pressure, consistent with
previous results [30]. Superconductivity was observed in the
CsCl-type phase. Our first-principles calculations reveal the
nontrivial topological band structure of the superconducting
CsCl-type phase, which provides an interesting playground
to study the interplay of superconductivity and topology in
this material and other related III-VI semiconductors under
high-pressure conditions.
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FIG. 6. The electronic structure and topological classification for the cubic CsCl-structure InSe under 50 GPa. (a),(b) The calculated band
structures of InSe without SOC and with SOC. Inset: The cubic bulk Brillouin zone (BZ) and projected [001] surface BZ with labeled high
symmetry points. (c) Projected density of states (DOS) of InSe without SOC. (d) The parity at TRIMs and the Z2 invariant for bands close to
the Fermi level in InSe. δX denotes the parity eigenvalues at the time-invariant “X” point.
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