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Discovery of highly spin-polarized conducting surface states in the strong
spin-orbit coupling semiconductor Sb2Se3
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Majority of the A2B3-type chalcogenide systems with strong spin-orbit coupling (SOC), such as Bi2Se3, Bi2Te3,
and Sb2Te3, etc., are topological insulators. One important exception is Sb2Se3 where a topological nontrivial
phase was argued to be possible under ambient conditions, but such a phase could be detected to exist only under
pressure. In this paper, we show that Sb2Se3 like Bi2Se3 displays a generation of highly spin-polarized current
under mesoscopic superconducting point contacts as measured by point-contact Andreev reflection spectroscopy.
In addition, we observe a large negative and anisotropic magnetoresistance of the mesoscopic metallic point
contacts formed on Sb2Se3. Our band-structure calculations confirm the trivial nature of Sb2Se3 crystals and
reveal two trivial surface states one of which shows large spin splitting due to Rashba-type SOC. The observed
high spin polarization and related phenomena in Sb2Se3 can be attributed to this spin splitting.
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Within the band theory of solids metals and insulators are
distinguished based on a band gap which is either zero for met-
als or nonzero for insulators. A topological insulator behaves
like an insulator with a band gap in the bulk, but the surface
contains gapless conducting states protected by time-reversal
symmetry [1–4]. In such systems strong spin-orbit coupling
acts as an effective magnetic field pointing in a spin-dependent
direction thereby giving rise to nonzero spin polarization of
the conducting surface states [5–7]. In other words, the charge
carriers corresponding to these surface states have the spin
angular momentum locked with the orbital angular momentum
which means carriers with definite momentum direction have
definite spin. The spin polarization of the surface states of
topological insulators were measured in the past by a number
of techniques. The most widely exploited techniques included
spin-resolved angle-resolved photoemission spectroscopy
[8–10] and using circularly polarized photons to excite the
spin-polarized photocurrent [11–13]. Electrical methods based
on fabrication of devices involving topological insulators have
also been employed [14,15]. More recently it was shown that
point-contact Andreev reflection (PCAR) spectroscopy using
a sharp tip of a conventional superconductor on the surface of
a topological insulator can also be used to measure the spin
polarization of the surface states through the measurement of
the degree of suppression of Andreev reflection [16].

Andreev reflection at an interface between a conventional
superconductor and a topological material should be analyzed
carefully as coupling between the superconducting order and
the topological phase may be complex, particularly because of
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the possibility of the emergence of a topological supercon-
ductor at such interfaces [17–22]. This aspect was studied
in the past, and it was found that the proximity-induced
superconductivity in point-contact geometries on topological
insulators has a far greater nontopological character than topo-
logical [23]. From Andreev reflection experiments on various
topological insulators it was found that spin polarization in
doped topological insulators can vary with the level of doping.
The topological insulators Bi2Te3 and Sb2Te3 showed spin
polarization of 70% and 57%, respectively [16]. In all these
cases, a conventional modified Blonder-Tinkham-Klapwijk
(BTK) theory was used for the analysis [24,25].

Based on earlier band-structure calculations [2,26] Sb2Se3,
a member of the A2B3-type chalcogenide family with high
spin-orbit coupling was categorized as a trivial band insulator
under ambient conditions. Some experiments indicated the
possibility of a topologically nontrivial character emerging
in Sb2Se3 under a pressure of several gigapascals (GPas)
[27–30]. More recent band-structure calculations claimed
Sb2Se3, in fact, can be a topological insulator under ambient
conditions [31]. In this paper, from spin-polarized Andreev
reflection spectroscopy measurements, we show that the sur-
face of Sb2Se3 contains highly spin-polarized surface states
(with up to 70% spin polarization) that take part in conduction
leading to the generation of highly spin-polarized current. The
observations are consistent with our band-structure calcula-
tions which reveal the existence of two trivial surface states
in Sb2Se3 one of which undergoes Rashba-type SOC-induced
spin splitting.

First we confirmed the surface quality of the Sb2Se3 crys-
tals using a low-temperature and ultra-high-vacuum scanning
tunneling microscope (STM) working down to 300 mK. The
crystals were cleaved in situ at 80 K under ultrahigh vacuum
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FIG. 1. (a) Crystal structure of Sb2Se3 viewed from the [001]
direction of the crystal. (b) A large area (281 × 281 nm2) STM topo-
graph on Sb2Se3 showing atomically sharp terraces. The parameters
are T = 17 K, Vs = 700 mV, and Is = 100 pA. (c) A representative
atomic resolution image over an area of 17 × 17 nm2 on one of the
terraces. (d) A scanning tunneling conductance spectrum recorded
away from the defects.

and were immediately transferred to the STM measurement
head kept at low temperatures. A large area STM image of
the Sb2Se3 surface shows multiple extended atomic terraces
with sharp steps as shown in Fig. 1(b). Small area scans on
top of the terraces and inside the trenches between two atomic
terraces resolved atoms and the defect states [Fig. 1(c)]. Two
types of defects are observed with one type having triangular
shapes (black arrow) and the other types appear as bright spots
(white arrow). The respective sides of the triangles for different
triangular-shaped defects are all parallel to each other, and all
such defects are randomly distributed throughout the crystal
surface. The triangular defects are known to be associated with
Se vacancy in the binary selenide family of materials, such as
Bi2Se3 [32,33]. The bright spots observed here might be due
to Sb defects in the crystals. In Fig. 1(d) we plot a typical local
density of states (LDOS) spectrum recorded on Sb2Se3 away
from the defects. The LDOS spectrum exhibits a “U” shape
with a flat bottom indicating a gap of ∼1 eV opening with the
Fermi energy falling within the gap. The LDOS within the gap
region does not become absolutely zero. These low-energy
states could emerge from possible surface states in Sb2Se3.
However, no clear signature of a surface “Dirac cone” was
observed which is again consistent with the nontopological
nature of Sb2Se3.

Point-contact Andreev reflection spectroscopy measure-
ments [34–36] on Sb2Se3 crystals were performed using
sharp tips of two conventional superconductors Pb and Nb. In
Figs. 2(a)–2(e) we show the representative Andreev reflection
spectra obtained on Sb2Se3 with the Pb and the Nb tips,
respectively. The sharp dip structure at V = 0 along with
two shallow peaks symmetric about V = 0 in the normalized
dI/dV spectra indicate considerable suppression of Andreev

FIG. 2. Normalized dI/dV spectra for point contacts on Sb2Se3

with (a)–(c) Pb tips and (d) and (e) Nb tips. The black lines show
BTK fits with spin polarization included. (f) Spin-polarization (P ) vs
barrier strength (Z) plot. The solid lines show extrapolation to Z = 0
where the spin polarization approaches 70%.

reflection. The black lines show the fit to the experimentally
obtained spectra using BTK theory modified for the finite
spin polarization of the nonsuperconducting electrode. The
extracted values of spin-polarization P are also shown. For
low values of Z, the spin polarization is measured to be almost
70%. For both Nb and Pb tips the extracted values of P are also
seen to slightly depend (linearly) on Z as shown in Fig. 2(f).
The solid lines in Fig. 2(f) show linear extrapolation of the
Z dependence of P to Z = 0. This is the expected intrinsic
value of the spin polarization (for Z = 0). The intrinsic spin
polarization in this case is found to be approximately 65%
which is significantly large compared to some of the strong
elemental ferromagnetic metals [37], such as Fe (P = 40%),
Co (P = 42%), and nickel (P = 39%) and is comparable to
the spin polarization of 70% measured by Andreev reflection
spectroscopy in Bi2Te3 [16]. It is interesting to note that
unlike in the case of Bi2Te3 where two gap amplitudes were
considered for fitting the Andreev reflection spectra, in the
case of Sb2Se3, only a single gap amplitude(�) was required
which varied between 1.3 and 1.5 meV as expected for Nb
point contacts on a regular metal. For Pb point contacts,
� remained comparable to the bulk gap of Pb ∼1 meV.
Thus, the analysis involved only three freely varying fitting
parameters—P, Z, and �, the effective broadening parameter.
The observation of high value of spin polarization in Sb2Se3

indicates that although the system is not categorized as a
topologically nontrivial system, there might be trivial surface
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FIG. 3. Anisotropic magnetoresistance of (a) a point contact on
Sb2Se3 with Nb. The black line shows a cos 2φ fit. (b) A point
contact with Pb. The black line shows a cos(2.25)φ fit. (c) Bulk
Sb2Se3 crystal. The black line shows a cos 2φ fit. (d) Anisotropy of
the critical current of a superconducting point contact in the thermal
regime. The corresponding dV/dI spectrum is shown in the inset. (e)
Magnetoresistance of a Pb/Sb2Se3 point contact at different biases.
T = 1.5 K. (f) Temperature dependence of the magnetoresistance.

states with nontrivial spin texture present due to the strong
spin-orbit coupling. It should be noted that this observation is
not related to the pressure-induced topological phase that was
earlier observed on Sb2Se3 because the high spin polarization
is observed even with soft tips made of superconducting Pb
which cannot withstand a pressure on the order of several tens
of GPa that is required to induce such a phase. Furthermore,
it is known that a superconducting phase of Sb2Se3 is realized
under high pressure [38], but we did not observe any signature
of superconductivity of Sb2Se3.

In the context of certain other topological materials where
a surface spin polarization was expected (as in the case of
metallic point contacts on TaAs) [20], it was observed that the
point-contact resistance showed anisotropy when the magnetic
field was rotated on a plane perpendicular to the direction of
the injected current. In order to investigate that possibility in
Sb2Se3, we have performed similar experiments on the point
contacts formed on Sb2Se3 at V = 0. As shown in Fig. 3(a)
for point contacts with Nb and Fig. 3(b) for point contacts
with Pb, the magnetoresistance of the point contacts on Sb2Se3

are highly anisotropic. For Nb point contacts the anisotropy
is well described by a cos 2φ field-angle dependence, where
φ represents the relative angle made by the magnetic-field

vector with respect to the axis a on the basal plane. For
Pb point contacts, the anisotropy deviated slightly from a
cos 2φ dependence and it fitted well with cos(2.25)φ. The
approximate cos 2φ dependence observed here is similar to
what was observed in the case of TaAs point contacts in
the past [20]. Furthermore, a cos 2φ angular dependence of
the anisotropic magnetoresistance is routinely observed in
certain systems with large spin polarization [39] including
the conventional ferromagnets [40]. Therefore, the observed
field-angle dependence here further supports the existence of
magnetic correlations and the occurrence of a spin-polarized
transport through the point contacts on Sb2Se3.

It is also important to investigate whether the measured
spin polarization emerges only under point contacts as seems
to be the case in TaAs [41] or if that is an intrinsic surface
property. In order to confirm that we measured the field-angle
dependence of resistance of the crystal in a conventional four-
probe geometry, the four-probe resistance is also seen to be
anisotropic confirming that the anisotropic magnetoresistance
is not confined to the mesoscopic point contacts but originates
from magnetic correlations on the Sb2Se3 surface. As can be
seen in Fig. 3(c), the anisotropy in magnetoresistance is 1000
times smaller than that in the point contacts but again shows
a reasonably good cos 2φ dependence. The anisotropy of the
magnetoresistance of the mesoscopic point contacts and the
four-probe surface resistance can be attributed to the possible
anisotropy of the effective spin-orbit coupling in Sb2Se3. Such
anisotropy of the four-probe magnetoresistance was earlier
observed in the topological insulator Bi2Se3 [42]. Therefore,
the observed anisotropy also indicates that the highly spin-
polarized surface states are indeed governed by the strong
spin-orbit coupling in Sb2Se3.

When the superconducting electrodes are in proximity of
highly spin-polarized states, the critical current of the point
contacts must also be modulated by the magnetic proper-
ties of such states. For investigating the modulation of the
critical current with a magnetic-field angle, we first estab-
lished point contacts away from the ballistic regime such that
Maxwell’s contribution to the total point-contact resistance
becomes significant and conductance dips [36] (peaks in
dV/dI ) associated with critical current become prominent.
Such a spectrum is shown in the inset of Fig. 3(d). The
position of the conductance dip provides a direct measure
of the critical current. After that we rotated the magnetic
field on the basal plane of the crystal and recorded the
spectrum for different directions of the applied magnetic field.
As shown in Fig. 3(d), the critical current also oscillates
with the direction of the applied magnetic field in striking
agreement with the anisotropic magnetoresistance presented in
Figs. 3(a)–3(c).

In the context of the spin-polarized transport in Sb2Se3

single crystals, it should also be noted that the point contacts
obtained in the ballistic regime of transport also show negative
magnetoresistance. The negative magnetoresistance data are
shown in Fig. 3(f). The black curve shows the magnetoresis-
tance at 1.5 K. The resistance shows a peak at zero magnetic
field which is suppressed by a weak magnetic field. As the
temperature is increased, the zero-field peak is systematically
suppressed. This effect is completely suppressed at 7 K. In
order to confirm whether the magnetoresistance is due to the
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superconductivity of Pb alone, the experiment was carried out
at different biases applied across the tip and sample [Fig. 3(e)].
It is seen that with increasing the bias the peak at zero field
gradually smears out and, surprisingly, becomes a dip at a
bias of 1.5 mV. With further increasing the bias, the dip
starts fading away, and the magnetoresistance disappears at
a bias of 15 mV which is an order of magnitude higher
than the bulk superconducting gap of Pb. This shows that the
magnetoresistance is not entirely due to the superconductivity
of Pb, but the Sb2Se3 surface also has nontrivial magnetic
correlations. In fact, such negative magnetoresistance and a
reversal of that with an applied gate bias was observed in the
past in certain topologically nontrivial systems (and systems
hosting Dirac electrons) where the reversal of magnetization
was attributed to a transition from weak anti-localization-
dominated transport to weak-localization-dominated transport
[43,44]. Although such a possibility cannot be ruled out in
our point-contact data on Sb2Se3, proving the existence of the
same in a point-contact geometry is nontrivial and may involve
measurements on nanopatterned thin flakes of the crystals with
a gate bias, which is beyond the scope of this paper.

Based on the key experimental observations highlighted
above, it is now imperative to understand the possibility of spin-
polarized surface states by investigating the band structures
of our Sb2Se3 crystals and the role of spin-orbit coupling.
Our Sb2Se3 crystals have an orthorhombic structure with
space-group Pnma. Experimentally determined lattice con-
stants are a = 4.0345; b = 11.5681; c = 12.7341 Å; α =
β = γ = 90◦. Band-structure calculations were performed
using density functional theory (DFT) within the local density
approximation exchange correlation as implemented in Vienna
ab initio simulation package [45]. Projected augmented-wave
pseudopotentials are used to describe the core electron in the
calculation [46]. The electronic wave function is expanded us-
ing a plane wave up to a cutoff energy of 265 eV. Brillouin-zone
sampling is performed by using a (10 × 10 × 10) Monkhorst-
Pack k grid. Both atomic position and cell parameters are
allowed to relax until the forces on each atom are less than
0.01 eV/Å.

Sb2Se3 in the typical rhombohedral structure does not have
sufficient SOC strength to cause topological band inversion [2].
With sufficient van der Waals interaction, a DFT calculation
however predicted that Sb2Se3 could become a topological
insulator without any experimental verifications to date [31].
The presently studied orthorhombic phase of Sb2Se3 (our
crystals) has higher crystal symmetry, which has the tendency
to reduce the SOC strength in the bulk, and hence is even less
suitable for the topological insulating phase [47]. Indeed, our
DFT calculations for the bulk phase indicated no signature of
band inversion with SOC. In Fig. 4 we show our computed
DFT band structure without and with SOC for bulk as well
as for finite-size system. Without SOC, the material is a band
insulator with a gap of ∼1 eV, compare Figs. 4(a) and 4(b),
much larger than the band gap of Sb2Se3 in the rhombohedral
phase shown in Fig. 4(a). Therefore, SOC fails to switch this
band ordering.

However, interestingly, we found two trivial surface states
without SOC for the cleave perpendicular to the c axis [see
the structure in Fig. 1(a)]. This is the cleaved plane we have
probed in PCAR experiments. Among these two states, one

FIG. 4. Band structure of Sb2Se3 (a) bulk without SOC, (b) bulk
with SOC, (c) for finite lattices without SOC, and (d) for finite lattices
with SOC.

shows a large splitting at the surface due to Rashba-type SOC.
The spin splitting is about 0.8 eV shown in Fig. 4(d), which is
comparable to the experimental value. Our DFT calculations
also yield a tiny magnetic phase which is however too small to
open any appreciable band gap at the time-reversal invariant �

point. Although there is a possibility that the small anisotropic
field-angle dependence of magnetoresistance (Fig. 3) could
originate from this tiny magnetic phase, additional experiments
are required to confirm that. Therefore, DFT calculations
support our observation of large spin-orbit splitting at the
surface of Sb2Se3 which is not protected by bulk topology but
with a time-reversal symmetry as in the case of a quintessential
Rashba-SOC split quantum gases.

In conclusion, we have employed spin-polarized Andreev
reflection spectroscopy and detected highly spin-polarized
surface states in the topologically trivial band insulator Sb2Se3

with strong spin-orbit coupling. Furthermore, we observed
highly anisotropic magnetoresistance on the basal plane of the
Sb2Se3 crystals indicating the existence of magnetic correla-
tions. All our experimental observations indicate that Sb2Se3

is a topologically trivial system. This is again consistent with
our band-structure calculations which revealed the existence
of trivial surface states in Sb2Se3 one of which undergoes spin
splitting due to Rashba-type SOC thereby giving rise to the
observed large value of the spin polarization and the related
magnetic correlations.
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