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Temperature dependent-electrical resistance of n-type Bi,Te; was investigated under high pressure.
Superconductivity was detected at 4.9 GPa with T .°"*=2.8 K. Resistance and T, suggest that
there are two electronic phase transitions below 10 GPa. We conjecture that the bulk insulating
phase first changes to semimetal and then to metal. The evolution of the Hall coefficient is qualita-
tively consistent with the proposed electronic phase transition. The origin of superconductivity and

topological properties are also discussed. Published by AIP Publishing.

https://doi.org/10.1063/1.4997967

I. INTRODUCTION

Majorana fermions, fermions that are their own antipar-
ticles, obey non-Abelian statistics which allow them to have
potential applications in quantum computing.'~ It is theoreti-
cally predicted that Majorana fermions can be found in topo-
logical superconductors.*® Similar to topological insulators,
topological superconductors are a class of topological materi-
als which have bulk superconductivity states along with gap-
less surface states protected by time-reverse symmetry.’ '°
These novel states can be found at the interfaces between
topological insulators and s-wave superconductors due to the
superconducting proximity effect.''™'* Superconductivity can
be realized in many topological compounds by chemical dop-
ing">~'7 or applying pressure.'*>'® Superconducting bulk states
together with Dirac-type surface states could approach topo-
logical superconductors.

Bi,Tes, Bi,Ses, and Sb,Te; are three typical 3D topologi-
cal insulators which were theoretically'® and experimentally
demonstrated.? They have a similar rhombohedral struc-
ture with the space group of R-3m (No. 166) at atmospheric
pressure. Superconductivity was detected in the rhombohedral
phase of p-type Bi,Te; and p-type Sb,Te; under high pres-
sure.'*!8232 These materials are probably topological super-
conductors due to the three-fold symmetry of hole pockets.
However, no superconductivity was found in undoped n-type
Bi,Se; before the structural phase transition.*>° Einaga
reported the superconductivity transition in the R-3m struc-
ture of polycrystalline n-type BissTegs; however, their speci-
men is a Bi-Te alloy in which Bi and Te atoms are distributed
homogeneously.?’
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In this study, we report resistance and Hall coefficients of
n-type Bi,Te; up to 10 GPa. Superconductivity is observed
above 4.9 GPa. The variations of resistance and carrier con-
centration suggest that two electronic phase transitions take
place at 4.9 GPa and 7 GPa, respectively. We discussed the
pressure induced band structure evolution and electronic
phase transition.

Il. EXPERIMENTS

Bi,Te; crystals were prepared by the Bridgeman
method.”>*® According to the Bi-Te phase diagram, the syn-
thesis of n samples requires an excess of Te.”® High-purity
Bi (99.999%) and Te (99.999%) powders with a Bi/Te molar
ratio of 0.6:1 were mixed, ground, and pressed into pellets.
The pellets were then loaded into a quartz Bridgeman
ampoule. The ampoule was evacuated, sealed, placed into a
furnace, and heated at 800 °C for 3 days, after which it was
slowly cooled in a temperature gradient at the rate 5°C per
hour to 300 °C, followed by furnace cooling. The final crys-
tal is a silver bulk with a gray thin layer on the upper surface.
Specimens were torn off from the silver part of the as grown
crystal. The Bi/Te atomic ratio of 0.67:1 was analyzed by
inductively coupled plasma emission spectroscopy (ICP).
Powder X-ray diffraction (XRD) data were obtained by a
Phillips X’PERT using Cu K,; radiation (1=1.54056A).
Fine powder was ground from specimens. All peaks can be
indexed with rhombohedral structure Bi,Tes; with lattice
parameters of a=b=4.3852 10\, c=30.483 A, o= p=90°
and y=120° [as shown in Fig. 1(a)]. The structure is the
same as that of the p-type ones. The Hall coefficient at atmo-
spheric pressure was measured by the four point probe
method at 2K in the MaglLab system. The thickness of the
specimen is 10 um. Magnetic field H was perpendicular to

Published by AIP Publishing.
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FIG. 1. (a) Powder X-ray diffraction of Bi,Tes. (b) The Hall voltage of the
Bi,Te; at 2 K under atmospheric pressure with magnetic field H perpendicu-
lar to the ab-plane of the single crystal. The inset is a schematic of Hall coef-
ficient measurement.

the ab-plane of the single crystal. The N-type carrier was
deduced from the sign of the Hall coefficient and the concen-
tration is around 7 x 10'°/cm? calculated from the Hall coef-
ficient [Fig. 1(b)].

Resistances under high pressure were performed by four-
probe methods in a diamond anvil cell (DAC) made of the
CuBe alloy. Pressure was generated by a pair of diamonds
with a 500 um diameter culet. A gasket made of T301 stain-
less steel was pre-indented from the thickness of 250 um to
60 um, and a hole of 200 ym in diameter was drilled in the
center of the pre-indented area. Cubic BN (c-BN) powder was
pressed into the drilled hole and the pre-indented area as the
insulating layer between the gasket and the electrodes.
Another hole of about 130 um in diameter was drilled in the
center of the 200 um hole. H-BN fine powder was then filled
in this hole as pressure transmitting medium. A specimen
with dimensions of 90 yum x 90 um x 10 um was put in the
center of the hole. Slim Au electrodes with 18 um in diameter
were placed on the same side of the crystal. Two rubies were
placed next to the specimen. Pressure was measured by ruby
fluorescence method®” at room temperature before each cool-
ing. We investigated the pressure gradient within the sample
chamber. The results show that the gradient is less than 10%
within 50 um from the center. The DAC was put inside a Mag
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Lab system to perform the resistance and Hall coefficient
measurements. The Hall coefficient was measured by using
the Van der Pauw method. External magnetic field was
applied by the Mag Lab system. Measurements of the high
pressure Hall coefficient were performed at 2 K. As supercon-
ductivity has occurred above 4.9 GPa, the Hall coefficient was
measured under high external field in order to destroy the
superconducting states.

lll. RESULTS AND DISCUSSION

Figures 2(a)-2(c) show temperature-dependent resistance
under various pressures up to 10 GPa. The specimen shows
metallic resistance behavior from 0 GPa to 2.0 GPa. For higher
pressure up to 4.2 GPa, resistance shows metallic behavior at
higher temperatures but changes to semiconductor-like behav-
ior at lower temperatures. Resistance increases as pressure
increases when the pressure is below 4.6 GPa. No supercon-
ductivity is detected below 4.6 GPa. Resistance at 4.9 GPa
shows a fast drop with decreasing temperature at 182K.
Metallic temperature-dependent resistance was observed
above 4.9GPa up to 10GPa. Resistance decreases rapidly
with increasing pressure over the pressure range from 4.9 GPa
to 7 GPa. Resistance increases with increasing pressure above
7 GPa.

Superconductivity initially appears at 4.9 GPa [see Figs.
2(d) and 2(e)] with critical temperature T.°™*'=2.8K. A
broad peak appears just above the superconducting transition.
Superconducting T, derived from temperature-dependent
resistance curves is shown in Fig. 2(f). T,°™" and T,™¢ were
defined as the temperatures at which resistances drop to 90%
and 50% of the value before transition. T, was defined as
the temperature at which resistance ~0. Superconducting T,
is almost constant below 7 GPa, whereas T, increases obvi-
ously with increasing pressure above 7 GPa. According to
high pressure angle-dispersive powder X-ray diffraction
(ADXRD) results at 8 K,*® the ambient phase is stable up to
10 GPa. Therefore, the superconducting phase above 7 GPa is
still the R-3m structure.

Resistance versus temperature as a function of magnetic
field was measured to confirm whether the transitions are
indeed superconducting transitions. Figure 3 shows the
results under 5.3 GPa and 9.2 GPa. T shifts to the lower tem-
perature side with increasing magnetic fields in both cases,
which indicates that the transitions are superconductivity in
nature. The resistance peak before transition also left shifts
under magnetic fields, whereas that beyond the peak remains
almost unchanged under fields. We believe that the peak has
a certain connection with superconductivity. Figure 3(c)
shows field-dependence of T.™¢. The upper critical field
H»(0)=0.42T under 5.3GPa and H.(0)=6.46T under
9.2GPa are both extrapolated by using the Wertheimer-
Helfand-Hohenberg formula

dch(T)} T
dr  lr-t,

He(0) = —0.691 {

The upper critical field of superconducting phase under
5.3 GPa is much lower than that under 9.2 GPa. The difference
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FIG. 2. (a), (b), and (c) Temperature-dependent resistance under high pressure. (d) and (e) are partial enlarged details on superconducting parts, respectively.
(f) Pressure dependence of superconducting T..
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FIG. 3. Resistance versus temperature measured at different magnetic fields under (a) 5.3 GPa and (b) 9.2 GPa. (c) Middle point T, at different fields.

in magnitude of upper critical field leads us to assume that the
superconductivity mechanism at two pressures might be

different.

The Hall coefficient was measured to check the carrier
characteristics. The specimen remains n-type over the pres-
sure range up to 10 GPa. Carrier concentration vs. pressure is
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shown in Fig. 4. Carrier concentration slowly decreases with
increasing pressure below 4.3 GPa while increasing dramati-

cally above 4.3 GPa. This means that there is an electronic
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results, the transition pressure is about 4.6 GPa actually. The
decrease of carrier concentration with increasing pressure is
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FIG. 4. (a) Pressure-dependent carrier concentration. A indicates carrier concentration deduced from linear part Vyi-H. A indicates carrier concentration
deduced from the slope of Vyu-H above 7T. (b) and (c) The Hall voltage of the Bi,Te; at 1 GPa and 7 GPa respectively. B indicates the experimental data.
Blue dashed lines are the fitting of the linear parts.
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probably due to the Fermi surface shift. Above 7 GPa, car-
rier concentration reaches a very high level. Hall voltage no
longer varies linearly with magnetic field. Based on the
slope of Vi-H near 7T, carrier concentration is deduced at
the order of 10%*/cm? magnitude. High carrier concentration
demonstrated that the normal phase above T, is a metallic
phase.

Now we turn back to the normal phase above T, between
4.6 GPa and 7 GPa. According to the band structures reported
previously,B’31 the conduction band minimum (CBM) and
valence band maximum (VBM) of bulk states are located at
different positions away from the I" point. The CBM moves
down and the VBM moves up under high pressure. Therefore,
the band structure may transform to a semimetallic phase
before they completely overlap in the compressing process.
The evolution of the Hall coefficient is qualitatively consistent
with the proposed electronic phase transition. Figure 5(a)
shows the possible schematic diagram of band structure evo-
lution. Figure 5(b) is the proposed pressure electronic phase
diagram. However, the existence of the semimetal phase
should be further confirmed by band structure calculations or
experimental evidence.

(a)

topological insulator : semimetal? | metal
a—A-A

._\ A i,
|

R(Q)
T(K)

0.14~—

P(GPa)

FIG. 5. (a) Schematic energy diagram of possible bulk states revolution of
n-type Bi,Te;. Blue lumps indicate the bulk states, and red lines and green
lines indicate the surface states of spin up and spin down, respectively. (b)
Pressure dependence of resistance (left Y-axis) and superconducting T,
(right Y-axis), different electronic phase are distinguished with different
background colors.
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Superconductivity in n-type Bi,Te; indicates that the
carrier type does not play a major role in the superconductiv-
ity in Bi,Se; class compounds. In the so-called semimetal
phase of Bi,Te;, six bulk electron Fermi pockets coexist
with six hole Fermi pockets. Due to the three-fold symmetry
of the Fermi surface, the electron pockets or the hole pockets
are three-fold symmetry. The pairing symmetry is triplet
pairing symmetry similar to p-type Bi,Te; or p-type Sb,Tes.
In contrast to other compounds of Bi,Se; class, only Bi,Se;
is a direct gap semiconductor. It has just one electron (hole)
pocket at the I' point. This may be the reason why Bi,Se;
has no superconducting phase in the R-3m structure.

Finally, we discuss the topological properties of the
superconducting phases. The Dirac cones are located at the I
point. The direct gap at the I" point enhances under pressure.
This means that the Dirac cone remains even though the
conduction band meets the valence band at other points.
Topological superconductivity can be realized on surface
states due to the superconducting proximity effect. For the
superconducting phase above 7 GPa, the bulk states transform
from the semiconductor to metal. However, the Dirac cone of
surface states probably remains well defined at the I" point. If
so, it is also a candidate of topological superconductor.

IV. CONCLUSIONS

In conclusion, we have investigated temperature-
dependent electrical resistance of n-type Bi,Te; under high
pressure. The superconductivity was detected at 4.9 GPa with
T.°"*' =28 K. The n-type carriers were suggested by the sign
of the Hall coefficient. Two electronic phase transitions are
observed below 10 GPa. We conjecture that the bulk insulat-
ing phase first changes to semimetal and then to metal. The
evolution of the Hall coefficient is qualitatively consistent
with the proposed electronic phase transition. The supercon-
ducting origin and topological properties are also discussed.
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