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The recently discovered three-dimensional topological insulator Bi,Tes is studied as function of
pressure in terms of crystal structures, resistance, and Hall coefficient. The superconductivity is found
in phase I (ambient phase) Bi,Te; with T, ~ 3 K, which is related to the topological features. The
evolution of crystal structure with pressure is investigated by high pressure synchrotron radiation
experiments that reveal structural transitions occurring at about 8 GPa, 13 GPa, and 16 GPa,
respectively. Furthermore, the high pressure phases of Bi,Te; are also superconducting but with much
higher T, ~ 8 K. The superconducting transitions are compared with those for Bi, Te elements. A
global phase diagram of Bi,Te; as function of pressure up to 30 GPa is obtained. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4726258]

INTRODUCTION

Topological insulator (TI) was theoretically predicated'~
and experimentally demonstrated® in recent years. Different
from conventional insulators, TI has gapless and spin-split
surface/edge states induced by bulk topological invariant
property, which are protected by topological invariant such as
the time-reversal symmetry as demonstrated in the two dimen-
sional® or three dimensional TI system.”’ The unique prop-
erty of these new types of quantum matter states attracts
intensive attentions of worldwide research groups. Topologi-
cal superconductor (TSC) that can support Majorana Fermions
at its interface is much more fascinating®'® as its potential
applications in topological quantum computation.'® Consider-
ing the unique band structure in bulk states and surface/edge
states of TI, searching for superconductivity in TI will be a
ready way to approach topological superconductors since the
surface can easily keep gapless topological nature. Recently, a
new group of three dimensional topological insulators of
Bi,Ses, Bi,Tes, etc., are discovered.® Superconductivity has
been observed via copper doping in Bi,Se; topological insula-
tor,'! ie., using a chemical way to introduce carriers that
result to superconductivity. More recently, we proposed an al-
ternative way approaching topological superconductor via
physical tool: using pressure to tune the electronic structure of
Bi,Tes TL'? It is well known that pressure is much effective
in tuning superconductivity by changing electronic structure
through directly modifying crystal parameters. Since pressure
tuning is almost free of introducing impurities or defects
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comparing with chemical substitution, it will be more intrinsic
to mechanism studies. Several groups have reported effects of
pressure on Bi,Tes.'>'® Previously superconductivity was
observed above 9GPa,14 but the structure of Bi,Te; changed
to a new phase at these pressures. So it has no relation to the
phase I (ambient pressure phase) of Bi,Te; that was identified
to be topological nontrivial.® We found that the superconduc-
tivity of Bi,Te; is closely related to the carrier density at am-
bient pressure. In order to facilitate pressure induced
superconductivity at lower pressure, i.e., within the ambient
topological non trivial phase, it is necessary to slightly modify
the carrier density of the parent compound to be around 10'%/
cm’. Based on successful growth of Bi,Tes single crystals
with the suitable carrier density, we indeed successfully
observed superconductivity in the ambient topological non
trivial phase of Bi,Te; single crystals induced via pressure.
The crystals remain well defined Dirac cone at its surface state
for the superconductor indicating its topological nature.'?
Moreover, the aforementioned Bi,Te; single crystals also
show superconductivity in the high pressure phases but with
much higher T, than previously reported."* This enhanced
superconductivity for high pressure phases is also related to
the right carrier density. Here, we provide detailed investiga-
tions of pressure induced superconductivity in Bi,Tes single
crystals in combining with crystal structure studies using syn-
chrotron diffractions. We discuss the evolution of electric con-
ductivity, Hall coefficient as well as crystal structures in three
distinctive pressure ranges: (I) within 8 GPa, wherein it keeps
ambient structure with topological nontrivial; (I) in the inter-
mediate high pressure region between 8 and 16 GPa; (III) in
the higher pressure region above 16 GPa. To judge that super-
conducting transitions are not from compositional elements,

© 2012 American Institute of Physics
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we also compared the results with pressure induced supercon-
ductivity in Bi or Te elements. Based on electrical conductiv-
ity and synchrotron diffraction measurements, we obtained a
general phase diagram of Bi,Te; single crystals as function of
pressure up to 30 GPa.

EXPERIMENTAL METHODS

Bi,Te; single crystal was grown using Bridgeman
method. Stoichiometric amounts of high purity elements Bi
(99.999%) and Te (99.999%) were mixed, ground, and
pressed into pellets, then loaded into a quartz Bridgeman am-
poule, which was evacuated and sealed. The ampoule was
placed in a furnace and heated at 800 °C for 3 days, after
which it was slowly cooled in a temperature gradient at rate
5°C per hour to 300 °C, followed by furnace cooling. The
product was cleaved easily along the basal plane. The pow-
der of Bi,Te; grinded from single crystal was identified by
x-ray powder diffraction.

Resistance measurement at high pressure of Bi,Te; sin-
gle crystal was performed by four-probe methods in a dia-
mond anvil cell (DAC) made of CuBe alloy. A gasket made
of T301 stainless steel was covered with insulating layer in
order to protect the electrode leads from the metallic gasket.
The electrodes were slim Au wires with 18 um in diameter.
The gasket, preindented from the thickness of 250 um to
60 um, was drilled a hole where MgO insulating layer was
pressed. The dimension of Bi,Te; single crystals for
resistance experiments was typically about 90 um
x 90 um x 10 um with soft hBN fine powders around as
pressure transmitting medium. The pressure was measured
by ruby fluorescence method. The diamond anvil cell was
put inside a Mag Lab system to perform the experiments.
The temperature was automatically program controlled by
the Mag Lab system. A thermometer was mounted nearby
the diamond in the diamond anvil cell to monitor the sample
temperature accurately. The decrease of temperature was
very slow to make sure the equilibrium of temperature. The
Hall coefficient at high pressure was measured using Van der
Pauw method. The details of experimental operation can be
found in Ref. 12.

The x-ray diffraction experiments at high pressure at
room temperature with synchrotron radiation were done at
the HPCAT of Advanced Photon Source (APS) of Argonne
National Lab (ANL) with a wavelength 0.368 A using a sym-
metric Mao Bell diamond anvil cell at room temperature.
The crystal structures were refined by Gsas package.'”

RESULTS AND DISCUSSION

Bi,Te; has a rhombohedral structure at ambient pressure
with a space group R-3m, as shown in Fig. 1. Along the
¢ axis direction, the unit cell contains five atomic layers with
a stacking sequence of Te(1)-Bi-Te(2)-Bi-Te(1), forming
unique quintuple layer (QL). The QL is terminated by Te(1)
atomic layer in both sides. The interaction between two
adjacent QLs is of the van der Waals type, which is much
weaker than that between two atomic layers within a QL,
yielding a material with excellent basal plane cleavage and
layered crystals. Its crystal parameters are a = 43852 A and
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FIG. 1. The crystal structure of Bi,Te; with space group R-3 m.

c=30.483 A, respectively, at ambient pressure and room
temperature. The layered structure leads Bi,Te; a good
model to investigate the TI properties.'® The Hall coefficient
measurements indicate the p-type carrier nature of Bi,Te;
sample used in the experiments.'? The carrier density calcu-
lated from the linear part at high magnetic field is approxi-
mately 3-6 x 10'®/cm®, which is deduced from several
measurements at ambient pressure. The Hall coefficients as
function of pressure at 30 K deduced from the linear part at
high magnetic field of high pressure Hall measurements are
shown in Fig. 2. It is found that the carrier type is unchanged
until 7 GPa although Hall coefficient is decreasing since the
crystals become more metallic with pressure, i.e., the carrier
density has been increasing with pressure. The calculated
carrier density changes from 6 x 10'® at 3 GPa to 3 x 102 at
6.8 GPa with sudden increase at about 5 GPa. The resistance
measurements of p-type Bi,Te; single crystals are performed
under pressure. Fig. 3 shows its superconductivity induced
by pressure at phase I (ambient phase), phase II (high pres-
sure phase I, HP I), phase III (high pressure phase II, HP II),
and phase IV (high pressure phase III, HP III), respectively
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FIG. 2. The Hall coefficients as function of pressure at 30K up to 6.8 GPa.
The carrier type of p-type Bi,Te; does not change until 6.8 GPa.
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FIG. 3. The resistance of Bi,Te; single crystal as function of temperature at
various pressures showing superconductivity at phase I (a); HP I (II) (b);
HP III (c).

(will discuss more detail for high pressure phase transition).
The superconductivity occurs at about 3 GPa originally, as
shown in Fig. 3(a) with the superconducting transition tem-
perature (T.) about 3 K. T, increases slowly at the beginning
while the resistance of normal state decreases with increas-
ing pressure. Fig. 3(b) shows the superconducting transition
from 9.3 to 15GPa where a much higher T.~8K was
observed in the high pressure phases as we will discussed
based on structure experiments. With increasing pressure,

J. Appl. Phys. 111, 112630 (2012)

the transition temperature increases slowly, but its resistance of
normal state starts to increase abnormally since the structural
transition takes place. The superconducting transition tempera-
ture at pressures above 16 GPa decreases slowly with pressure,
as shown in Fig. 3(c). Its resistance of normal state decreases
first, and then increases rapidly at pressures above 22 GPa. At
phase I, the upper critical field H.»(0) was extrapolated to be
1.8 Tesla for Hy. using the Werthdamer-Helfand-Hohenberg
formula® of He(0) = —0.691[dHeo(T)/dT]r—1c X T, as calcu-
lated in Ref. 12. The resistance curves as function of tempera-
ture with applied magnetic field H of high pressure phases are
shown in Figs. 4(a) and 4(b), respectively, with insets showing
the change of T. with H. We get the upper critical field
H,(0) ~ 4.2 Tesla at 9 GPa for HP I(I) and 2.1 Tesla at 30 GPa
for HP III using the same method in Ref. 12, respectively.

The results of high pressure synchrotron radiation experi-
ments indicate the evolution of crystal structure with pressure
as shown in Fig. 5. All the reflections obtained at 2.2 GPa are
well indexed by space group R-3m, corresponding to the
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FIG. 4. The superconducting transition of Bi,Te; with applied magnetic
field H perpendicular to the ab-plane of single crystal at 9GPa (a) and
30GPa (b). Insets show the change of T, with H, the upper critical fields
Hc»(0) are extrapolated to be 4.2 T and 2.1 T, respectively, using the Werth-
damer-Helfand-Hohenberg formula.
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FIG. 5. (a) The evolution of x-ray diffraction reflections with pressure at
phase I. No new reflection emerges lower than 8 GPa; (b) The red (8.6 GPa),
green (14.3 GPa), and blue (14.3 GPa) arrows indicate new reflections of HP
I, HP II, and HP III, respectively, induced by pressure; (c) The evolution of
x-ray diffraction reflections with pressure at HP III, which has BCC structure
with Im-3 m space group. A charge transfer from Bi to Te leads to the ran-
dom distribution of Bi and Te atoms on the BCC sites.

phase I. Fig. 5(a) shows the evolution of reflections with pres-
sure of phase I. No structural transition occurs at pressure
lower than 8 GPa. Some new reflections which are denoted by
arrows in Fig. 5(b) show the high pressure phases above
8 GPa for HP I and at 14.3 GPa for HP II and HP III, respec-
tively. HP II was reported in Ref. 16, which can only stabilize
in a narrow pressure range and coexists with either HP I or
HP III. In our experimental results, the reflections from HP I
marked by red arrows are observed at pressures above 8 GPa;
while some reflections marked by green and blue arrows that
differ from the HP I reflections are observed at about 14 GPa,
which are assigned to HP IT and HP III, respectively. The sim-
ple reflection peaks of high pressure phase as shown in Fig.
5(c) above 16 GPa indicate its high symmetric crystal struc-
ture. Actually it can be assigned to a body centered cubic
(BCC) crystal structure with lattice parameters a = 3.6500 A
at 16.8 GPa. We indexed the x ray diffraction patterns of the

J. Appl. Phys. 111, 112630 (2012)

BCC structure for the diffraction patterns above 16 GPa.
Within the BCC structure, Bi and Te atoms are disordered to
share the BCC lattice sites. This may be obtained at high pres-
sure when A and B ion radii are nearly equal caused by charge
transfer from Bi to Te. This is in good agreement with the pre-
vious report.'® More recently, possible phases for intermedi-
ated high pressure phases of HP I and HPII are suggested to
be of monoclinic sevenfold C2/m structure and eightfold C2/c
structure respectively.'® Fig. 6 shows the structural phase dia-
gram of Bi,Te; as function of pressure up to 30 GPa with the
possible space groups of high pressure phases.

The superconducting transition temperature as function
of pressure up to 30 GPa for Bi,Te; is obtained by high pres-
sure resistance measurements. The transition temperatures of
high pressure phases are about 8 K, comparable to that of Bi
or Te elements.”""*? To judge the origination of superconduc-
tivity, we observed for Bi,Te; single crystal the pressure tuned
superconductivity of Bi and Te elements are also investigated
using high pressure resistance experiments. Fig. 7(a) shows
the resistance as function of temperature at different pressures
for element Bi, whose superconducting transition occurs at
about 3.5 GPa. Fig. 7(b) shows the resistance as function of
temperature at different pressures for element Te, whose
superconducting transition occurs at much higher than
20 GPa. We compare the superconductivity of Bi,Tes with Bi
or Te elements in Fig. 7(c), indicating that the superconductiv-
ity of BiyTe; is from neither Bi nor Te. It means that the
superconductivity of Bi,Tes single crystal at ambient phase
and high pressure phases are indeed intrinsic natures itself.

The first superconducting transition with T,~3K can
be topological at the surface state possible proximity effects.
It is theoretically predicated that the proximity effects
between an s wave bulk superconductivity and the surface of
a strong TI can cause topological superconductivity at sur-
face state with p,+ipy symmetry.® The other more exiting
possibility is that the superconductivity of the ambient phase
is truly three dimensional in a similar way similar to the

HP I
"

HP II
(C2/e)

0 2 4 8 g 10 12 14

Pressure(GPa)

FIG. 6. The crystal structure phase diagram of Bi,Tes: the phase I from 0 to
8 GPa has a rhombohedral R-3m structure; the HP 1 (8~16 GPa), HP II
(13~16 GPa), and HP III (>16 GPa) have monoclinic sevenfold C2/m struc-
ture, eightfold C2/c structure, and BCC Im-3 m structure, respectively.
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FIG. 7. (a) The resistance of Bi as function of temperature at various pres-
sures showing superconductivity above 3.5 GPa; (b) the resistance of Te as
function of temperature at various pressures showing superconductivity
above 26 GPa; (c) the comparison of superconductivity of Bi,Tes, Bi, and
Te with the error bars marked.

Balian and Werthamer state in He3 B phase.'” Before the
first structural transition from rhombohedral structure to
monoclinic sevenfold C2/m structure, a parallel movement
of BiTes along the [110] direction probably starts to take

J. Appl. Phys. 111, 112630 (2012)

place as a result of the distortion of crystal induced by pres-
sure. The induced change of electrical structure may lead to
the increase of transition temperature. Around the first struc-
tural transition at about 8 GPa, the resistance of normal state
increases abnormally with pressure, consistent with the tran-
sition from phase I to HP I. Simultaneously, the supercon-
ducting transition temperature increases more slowly. The
same phenomenon is found for HP II where T, also slightly
increases with pressure. But it is quite different that T,
becomes decreased above 16 GPa in HP III phase region.

Fig. 8 shows the superconductive phase diagram of p-type
Bi,Te; single crystal as function of pressure. The blue part is
related to topological superconducting phase of phase I; the
superconducting transition temperatures of high pressure phases
are much higher than that of phase I. The samples show super-
conductivity in the whole pressure range for the high pressure
phases up to 30 GPa.

In summary, a global phase diagram of Bi,Te; as function
of pressure is obtained in combination with electric conductiv-
ity as well as structure studies. First, we found superconductiv-
ity in ambient phase I of Bi,Te; with pressure from 3 to 8 GPa,
with topological nature as suggested by first principle calcula-
tions. The compound is superconducting for the high pressure
phases at all range of pressure measurements up to 30 GPa but
with much higher T, around 8 K. The Hall measurements indi-
cated the carries density increases with pressure but keeps p
type at least up to 8 GPa. The Upper critical magnetic fields
are calculated to be 1.8 T, 42T, and 2.1 T for phase I, HP I
(II), and HP III, respectively. The superconducting results of
Bi,Te; are compared with those for Bi or Te elements. Second,
the high pressure crystal structure experiments with synchro-
tron diffraction indicate a series of phase transitions at
~8 GPa, in between 8 and 16 GPa, and above 16 GPa. A BCC
high pressure phase is identified above 16 GPa that shows a Bi
and Te soluble alloy of space group Im-3 m with lattice param-
eter a=23.6500 A. Based on the systematic studies, we estab-
lished a comprehensive superconducting and structural phase
diagram for Bi,Te; topological compound.

Te(K)

L SO,
3 6 9 12 1§ 18 21 24 27 30
P(GPa)

FIG. 8. The superconducting phase diagram of Bi,Te; single crystal as func-
tion of pressure. The symbols represent experimental data; the color area
belongs to the range of superconducting phases. The blue part (3-8 GPa) is
related to the TSC range with phase I structure.
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