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By applying pressure on the topological insulator BisTes single crystal, superconducting phase was
found without a crystal structure phase transition. The new superconducting phase is under the
pressure range of 3 GPa to 6 GPa. The high pressure Hall effect measurements indicated that
the superconductivity caused by bulk hole pockets. The high pressure structure investigations with
synchrotron X-ray diffraction indicated that the superconducting phase is of similar structure to
that of ambient phase structure with only slight change with lattice parameter and internal atomic
position. The topological band structures indicate the superconducting phase under high pressure
remained topologically nontrivial. The results suggested that topological superconductivity can be
realized in BisTes due to the proximity effect between superconducting bulk states and Dirac-
type surface states. We also discussed the possibility that the bulk state could be a topological

superconductor.
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1 Introduction

Topological insulators (TT) have generated great atten-
tions in condensed matter physics recently [1-10]. TIs are
materials which have a bulk band gap like an ordinary
insulator, but have gapless surface states or edge states
protected by time reversal symmetry on their bound-

aries [11, 12]. Dozens of materials are predicted as TIs
[1, 6, 8, 13] and the number is still increasing, while sev-
eral of them have been experimentally confirmed, such as
HgTe/CdTe quantum well [3], Bi;_,Sbh, [4], BixSes [7],
BigTes [5], SboTes [14], and TIBiSes [10]. TIs have novel
properties and potential applications, such as monopole
like behavior [15] and topological magnetoelectric effect
[16]. Particularly, on the interface of TT and superconduc-
tor, due to the superconducting proximity effect, Cooper
pairs may tunnel from the superconductor to the surface,
leading to an induced superconducting energy gap in the
surface states that will create Majorana surface states
[17]. Majorana fermions, half of ordinary Dirac fermions,
can be very useful in quantum computing.

Topological superconductor, a cousin of TI, also have
a full pairing gap in the bulk and gapless Majorana
fermions states on the edge or surface [18-20]. How-
ever, the search for topological superconductors remains
a challenge. Now from topological nontrivial band struc-
ture of TIs, superconductivity induced by doping in TIs
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is a possible way to obtain topological superconductors.
By copper intercalation doping in the van de Waals bond,
BisSes turns to a superconductor with transition tem-
perature T, up to 3.8 K [21]. The superconductivity
in Cu,BisSes occurs in bulk electron pockets separated
from the surface states according to the ARPES results
(Fig. 1) [22]. Three dimensional (3D) TIs doped into a
superconducting phase are classified by an integer num-
ber n [19]. Cu,BizSes may be the first topological su-
perconductor ever found if n is odd. Another possible
topological superconductor is p type T1BiTe; which is
a topological semi-metal for the normal state. The ori-
gin of superconductivity is caused by six leaflike hole
pockets around the I" point, similar to the 3He-B phase
which is considered to be topological fluid and contains
Majorana fermions. However, the superconductivity in
T1BiTes needs further confirmation.
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Fig. 1 (a) Momentum dependence of the bulk and surface con-
duction bands in superconducting Cug.12Bi2Se3 measured with
low-energy (9.75 eV) photons for enhanced bulk sensitivity. (b)
The surface electronic structure presents a non-trivial topological
setting for superconductivity because (green) surface and (blue)
bulk bands do not overlap. (c), (d) Electronic states expected
below T¢ for even-parity superconductivity (c¢) and an example of
odd-parity “topological superconductivity” (d).

High pressure is a powerful tool in tuning supercon-
ductivity by changing electronic structure. It is well doc-
umented that the record of high superconducting transi-
tion temperature T, either for elements or compounds is
created with the application of pressure. Moreover, high
pressure can induce superconductivity in the matter that
is not a superconductor at ambient pressure. Pressure
tuning is almost free of introducing impurities or defects
comparing with chemical substitution, so it is a superior
way since it will be more intrinsic to mechanism studies.
By applying high pressure on p type BisTes, We found
two superconducting phases between 3 GPa and 10 GPa
before structure phase transition [23]. We studied the
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topological characters of two phases and compared them
with superconducting Cu,BisSes and p-type T1BiTe,.
We further discussed the possibility of topological su-
perconductivity.

2 Pressure induced superconductivity

Temperature dependence resistances at various pressures
were performed to study the high pressure behaviors of
BiyTes (Fig. 2). A clear superconducting transition was
observed at pressure above 3.2 GPa, with the transi-
tion temperature maintaining almost a constant up to
6.3 GPa. At higher pressure, a new superconducting
phase appeared according to the resistance curves in
Fig. 2(b). Contrasting with previous reports [24], we
conjectured that the superconducting phase between
3.2 GPa and 6.3 GPa is a new superconducting phase
while the phase above 6.3 GPa is consistent with that
reported in Ref. [24], even though the transition temper-
ature of the later phase is much higher than that in their
report. The differences of the transition temperature
may be caused by the carrier density. The data collected
at 5.0 GPa showed that resistance dropped to zero at low
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Fig. 2 (a) The resistances of BixTes single crystal as function of
temperature at various pressures showing a superconducting tran-
sition around 3 K. The inset is the resistance near the critical
temperature T, with the differentiation of dR/dT showing the deff-
nition of Trset Tmid and TZer° respectively; (b) The enlarged
(low temperature) part of the measured resistance, indicatingrally
different). A broad superconducting transition is observed for the
intermediated pressure range, such as the data shown for 6.8 GPa
the almost constant T, ~ 3 K for the states between 3.1 GPa and
5.0 GPa, and a much higher T of 8.1 K at 8.9 GPa.
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temperature, while the transition temperatures of on-
set, midpoint, or zero resistance were defined based on
the differential of resistance over temperature (dR/dT)
[inset of Fig. 2(a)]. The superconducting transition was
sharp with the transition width (from 10% — 90% of the
normal state resistance at T2"*) around 0.3 K, indicat-
ing the good homogeneity of the superconducting phase.

To assure that the transition in Fig. 2 is indeed a
superconducting transition, we further conducted the
electrical measurements around the transition temper-
ature at variant external magnetic field. Figure 3(a)
shows the measured resistance at 6.1 GPa with ap-
plied magnetic H. The transition temperature 7. de-
creased with increasing magnetic field H, indicating
strong evidence that the transition is superconduc-
tivity in nature. The inset of Fig. 3(a) shows the
change of T, with applied magnetic field H. Using the
Werthdamer—Helfand-Hohenberg formula of H(0) =
—0.691[dHo(T)/dT )| r=1, - T¢ [26], the upper critical field
H.2(0) was extrapolated to be 1.8 Tesla for H//c, as
the single crystal was placed inside the diamond anvil
cell with magnetic field H direction perpendicular to ab-
plane.
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Fig. 3 The superconducting transition of BizxTes single crystal
at 6.1 GPa with applied magnetic field H perpendicular to the
ab-plane of single crystal. Inset shows the change of T, with H.
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superconductivity, and the earlier researches indicated
that these two factors are also sensitive to the super-
conductivity of BisTes under pressure. The Hall effect
measurements of BisTes at ambient pressure and high
pressure are conducted to detect the carrier type and car-
rier density. The as grown single crystal is p type with the
hole density approximately (3 ~ 6) x 10!® /cm? at 2 K as
calculated for several measurements at ambient pressure.
Hall effect under high pressure is tested in a screw-type
diamond anvil cell made of beryllium copper. Carrier
density is calculated from the linear part of the Hall
voltage under high field where the superconductivity has
been destroyed already for the superconducting phase.
Figure 4(a) shows the Hall voltage with the magnetic
field at several fixed pressures and Fig. 4(b) shows the
carrier density deduced from Fig. 4(a). The carrier den-
sity changes slightly in a fairly wide temperature range
under fixed pressures. The carrier density at 4.3 GPa is
about 6.2 x 10'®/cm?® and changes smoothly with the
increasing pressure below 5 GPa while suddenly jumped
to a very high level more than 10%®/cm? at the pressure
around 6 GPa. The results are similar to those reported
in Ref. [25]. As the density of the free electron in good
metal is of the order 10?2 /cm?, we inferred that the car-
rier density calculated from Hall effect is unreasonable.
Since there is no structure phase transition or isostruc-
ture phase transition around 6 GPa, we do not expect the
dramatic change of the carrier mobility. As the resistiv-
ity around that pressure has no dramatic change, we can
also infer that the sudden change of the carrier density is
not true. One reasonable explanation is that the material
turns into a semi-metal in which the conduction electron
and hole pockets coexist. Since the Hall voltages caused
by the electrons and that by holes have opposite sign
and can mutually counteract, the carrier density cannot
be calculated by Hall effect any more. This deduction
can also explain the sudden drop of the thermoelectri-
cal power above 6 GPa [27]. Refer to the change of the
pressure dependence resistivity, we deduced that the
superconductivity in our experiments is caused by hole
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Fig. 4 (a) The Hall voltage of BiaTes single crystal with magnetic field H perpendicular to the ab-plane of the single
crystal. (b) The carrier density deduced from the linear part of Hall resistance at various pressure at 2 K. The circles

indicate the carrier density data is unreasonable.
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carriers with the carrier density in the range of 1018 /cm?
to 102° /em? for both two superconducting phases. More
tests on samples with different carrier type and different
carrier density should be conducted to verify the effect
to the superconductivity, however, the hole density has
little effect to the topological characters according to the
theoretical calculation which will be discussed later.

To check whether the superconducting phase under
high pressure is caused by structure phase transition,
we conducted synchrotron X-ray diffraction experiments
with pressure from ambient to above 30 GPa in an av-
erage 2 GPa step at room temperature. Figure 5 shows
the high pressure X-ray diffraction patterns of BisTes
polycrystalline (ground from the single crystal) at sev-
eral selected pressure levels. The patterns show that the
ambient phase remained stable up to 6.3 GPa. A new
set of peaks not belong to ambient structure phase ap-
pear in the pattern of 8.6 GPa, which indicates there
is a structure phase transition in the range of 6.3 GPa
to 8.6 GPa. These results are consistent with previous
reports that the structure phase transition occurs at 8
GPa [24, 30]. Low temperature X-ray diffraction at 8K
was performed to confirm the structure phase transition
pressure at the temperature when the superconducting
occurs. The lattice parameters calculated by unit cell at
8 K are almost the same with that at room temperature,
which shows the thermal expansion coefficient is very
little. The room temperature X-ray diffraction patterns
under high pressure are refined using Rietveld method
with GSAS package.
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Fig. 5 The synchrotron X-ray diffraction patterns of BigTe3 sam-
ples at selected pressures showing the ambient structure is stable
at least up to 6.3 GPa, and a structurally deferent phase appears
at 8.6 GPa (the circle indicating the peaks from new structure).

3 The topological characters under high
pressure

3.1 Topological band structure

The topological property of BisTes has been theoreti-
cally predicted from first-principle calculations and ana-
lytical models [6] and is confirmed by the Angle Resolved
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Photon Electron Spectroscopy (ARPES) measurement of
surface states [5, 14]. Due to the strong spin—orbit cou-
pling, the band structures around the I' point of the
Brillouin zone (BZ) are inverted, similar to the case of
HgTe quantum wells [1], which gives rise to the TT be-
havior. As the superconducting phase of BisTes under
high pressure has similar structure to the ambient phase
with small changes of lattice parameters and atomic po-
sitions, we can conjecture the topological band structure.
Directly probing the surface states or topological charac-
ters is difficult, however, first-principle calculations are
proved to be an effective mean in predicting TIs. The
band structures and surface states of TIs obtained by
first principle calculations can be well compared with
the ARPES measurement [5, 6]. It is reasonable for us
to believe that the band structures and surface states
under pressure can be well simulated by first principle
calculations as well as under ambient pressure.

Using the first-principles calculations based on density
functional theory and the generalized gradient approxi-
mation, we performed full relativistic electronic struc-
ture calculations for BiyTes at both 0 and 4 GPa, using
the experimental lattice parameters and atomic positions
obtained from the X-ray refinements. For the calcula-
tions of surface states, we used a thick slab consisting of
40 QLs. For the 0 GPa phase, our calculations well re-
produced those found in earlier results [9, 14] [Figs. 6(a)
and (b)]. In particular, the calculated surface states can
be well compared with the ARPES measurement [5, 14].
Although the electronic structure at 4 GPa was quite
similar to that at 0 GPa, the electronic structures at
4 GPa were, in fact, quantitatively different with that of
0 GPa [Figs. 6(c) and (d)]. The differences are as follows:
(i) the direct gap at I" point is enhanced while the in-
direct bulk band gap is reduced and (ii) the separation
between surface states and bulk states at the Fermi level
is further enhanced. Most importantly, by calculating the
Z5 number from parity analysis and the surface states,
we confirmed that the compound remained topologically
nontrivial at 4 GPa. We also relaxed the lattice constants
and internal atomic sites theoretically for both cases and
confirmed that all features of the electronic structures
discussed here did not change.

For the second superconducting phase at the pressure
range between 6 GPa and 10 GPa. Refer to the wind of
the changes under pressure mentioned above, the indirect
gap decreased with the increasing pressure and became
zero at a critical pressure P.. For higher pressure, the
indirect gap becomes negative. If the direct gap remains,
the band structure can transform to that of ambient
pressure through smooth adiabatic changes, therefore
both the two superconducting phases have the same
topological class. Moreover, the semi-metal band struc-
ture of the second superconducting phase is very similar
to that of the p type TIBiTes which was verified to be a
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Fig. 6 The calculated bulk electronic structures (left panels) and surface states (right panels) of the BiaTes at 0.0 GPa
[(a) and (b)] and 4.0 GPa [(c) and (d)], respectively. The chemical potential corresponding to the experimental hole
concentration (5.8 x 108 /cm3) are indicated as horizontal dashed lines and the corresponding Fermi surfaces are also
shown as insets. In order to understand the k-space separation of bulk and surface states, we show the surface states

schematically in the bulk band structures (left panels).

topological semi-metal. However, the topological proper-
ties of the second conducting phase needs to be further
confirmed.

3.2 Superconducting proximity effect

Now we focus on the bulk-to-surface proximity effect,
two critical criteria should be satisfied which were dis-
cussed at the beginning. Luckily, Bi;Tes has the par-
ticular property, in which the surface states are located
around the I' point, while both conduction band mini-
mum (CBM) and valence band maximum of bulk states
are located away from the I' point. In other words, for
the low energy range, the surface states and bulk states
were well separated in the momentum space (Fig. 6).
The direct band gap at I' point was much bigger than
the indirect bulk band gap, which was formed from states
around the Z point of the bulk BZ. In contrast to BisTes,
for the electron-doped BisSes, the CBM of bulk states
were located around the I" point, very close to the sur-
face states. For the phase under 4 GPa, direct gap at
I" point and separation of surface states between bulk
states at the Fermi level is enhanced as mentioned before.
For the superconducting phase of BiyTes under pressure,
we have also analyzed the penetration depth of surface

states around the Fermi energy as determined by the
experiments [k; and ko points shown in Fig. 6(d)]. We
found that the surface states were exponentially local-
ized to the surface region with half-widths of about 3
QLs. Using the rigid band model, we further estimated
the Fermi level position as functions of carrier concen-
tration and found that the surface states remained to
be well defined even if the carrier density was as high
as 102t /em? (hole type). For our experimental situation,
where superconductivity was observed, the carrier den-
sity (of the order of 10'®/cm3) was much smaller than
this level for the superconducting phase under 4 GPa.
Both facts support our conclusion that the topological
surface states can maintain their character in the pres-
ence of the p-type bulk carriers. Therefore, the resulting
proximity effect with the bulk superconducting carriers
can give rise to Majorana fermions in the surface state.

For the second superconducting phase, the semi-
metal band structure is similar to the superconducting
TIBiTes, and the superconductivity also comes from the
hole pockets. Since both conduction band minimum and
valence band maximum of bulk states are away from I
point, the surface states may remain well separated from
the bulk. However, more researches should be performed
to verify its topological class.
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3.3 Possibility of topological superconductivity

We now turn to the exciting possibility that the bulk
superconducting state in BisTes could be a topological
superconductor [8, 13, 18-20, 31, 32]. In insets of Figs.
6(a) and (c), we see that with p type doping, holes form
disconnected pockets. Pairing amplitude on a given hole
pocket could be largely determined by the phonon contri-
bution mediated at the small momentum transfer, and a
uniform pairing order parameter could be established on
each hole pocket. The relative pairing amplitude among
the different hole pockets would be determined by the
large momentum transfer, where the Coulomb repulsion
plays a more dominant role. Such a repulsive interaction
generally favors opposite pairing amplitudes on different
Fermi pockets, leading to a negative Josephson coupling
among the neighboring hole pockets. However, due to the
three-fold symmetry of the Fermi surface, such a coupling
is frustrated, so that the pairing order parameter in the
ground state may become complex. A natural choice of
such a complex orbital pairing symmetry without break-
ing the time reversal symmetry is a triplet pairing sym-
metry similar to the BW state in He-B phase. Such a
pairing state has been shown on general grounds to be
a topological superconducting state respecting the time
reversal symmetry.

4 Summary

In summary, we have experimentally observed supercon-
ductivity in BisTes under pressure, where the crystal
structure remains the same as the ambient topological
phase. Topological surface states remain to be well de-
fined under pressure, and in the presence of bulk p type
carriers, and this natural bulk-surface proximity effect
could give rise to Majorana fermions on the surface.
We also discussed the pairing symmetry of the bulk su-
perconducting state, and addressed the possibility that
it could realize the 3D topological superconductor with
time reversal symmetry.

5 Methods

The superconducting measurements induced via high
pressure were conducted by using diamond anvil cell
technique as described in Ref. [33]. The diamond culet
is 300 wm in diameter. A plate of T301 stainless steel
covered with MgO fine powders in order to protect the
electrodes leads from short circuit was used as gasket.
The gasket, preindented from the thickness of 300 um
to 60 um, was drilled a hole of 180 um diameter where
MgO fine powders were pressed. The pressed MgO was
further drilled into a small hole of 100 pm diameter to
serve as sample chamber wherein a BisTes single crys-
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tal with the dimension of 60 wmx30 umx10 pm was
inserted into the center with soft hBN fine powder as
pressure transmitting medium that can provide a good
hydrostatic pressure environment. A small ruby was put
aside the specimen. Pressure was measured by using ruby
florescent method [34, 35]. We use slim Au wire of 10 pm
diameter as electrodes. Four-probe method was adapted
to measure the resistivity. A screw type diamond anvil
cell made of BeCu was used to conduct low tempera-
ture experiments. The diamond anvil cell was put inside
a Mag Lab system upon loading. The temperature was
automatically program controlled via the Mag Lab sys-
tem. We specially mounted a thermometer around the
sample in the diamond anvil cell to monitor the sample
temperature. The data are collected at each equilibrium
point of temperature. The high pressure Hall effects are
measured based on Van der Pauw method using a piston
cylinder type instrument that is inserted into the Mag
Lab system.

The X-ray diffraction experiments at high pressure
with synchrotron radiation are done at HPCAT of Ad-
vanced Photon Source (APS) of Argonne National Lab
(ANL) with wavelength 0.368 A using a symmetric Mao
Bell diamond anvil cell at room temperature. The crystal
structures are refined using GSAS package.

We calculate the electronic structures of BisTes with
their experimental crystal structures (for 0.0 GPa and 4.0
GPa), respectively. The first-principles calculations are
performed using OpenMX package [36], which is based
on a linear combination of pseudo-atomic orbital (PAO)
method. The PAOs are generated by a confinement po-
tential scheme with a cutoff radius of 9.0 and 7.5 a. u. for
Bi and Te, respectively. Basis set with s2p2d2f1 PAOs
for Bi and s2p2d3 for Te is found to be good enough to
describe our system. The exchange correlation energy
functional within generalized gradient approximation as
parameterized by Perdew, Burke and Ernzerhof is used.
Brillouin zone is sampled with 10x10x4 grids. We con-
struct the projected atomic Wannier (PAW) functions
[9] for s and p orbitals of both Bi and Te. With this set
of PAW bases, an effective model Hamiltonian for slab
of 40 QLs is established and the topologically nontrivial
surface state can be obtained from it.
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