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A B S T R A C T

Structural stability and phase transition of topological insulator Bi2Te3 were studied via angle-dispersive
synchrotron radiation X-ray diffraction under high pressure and low temperature condition. The results
manifest that the R-3m phase (phase I) is stable at 8 K over the pressure range up to 10 GPa and phase
transition occurs between 8 K and 45 K at 8 GPa. According to the Birch-Murnaghan equation of state, the bulk
modulus at ambient pressure B0 was estimated to be 45 ± 3 GPa with the assumption of B′0 = 4. The structural
robustness of phase I at 8 K suggests that the superconductivity below 10 GPa is related to phase I. Topological
properties of superconducting Bi2Te3 phase under pressure were discussed.

1. Introductions

The discovery of topological insulators [1–6] unveiled a new realm
of topological quantum matters. Their intriguing physical phenomena
with promising application potentials greatly attracted the attention of
physicists and materials scientists [7–10]. Topological insulators have
gaped bulk states like ordinary insulators coexisting with symmetry-
protected robust gapless surface states on their edges or interfaces
[11,12]. Majorana fermions, which obey non-Abelian statistics, were
expected to exist at the interfaces between topological insulators and
superconductors [7]. Majorana fermions are also thought to survive in
topological superconductors which have symmetry-protected gapless
surface states coexisting with superconducting states in bulk [13].

Bi2Te3 is one of the earliest experimentally confirmed topological
insulators [6]. Crystal structures at room temperature and high
pressure have been studied by several research groups [14–20]. At
room temperature and ambient pressure, Bi2Te3 has a rhombohedral
structure with space group R-3m (Phase I). With increasing pressure,
R-3m structure transforms to C2/m (Phase II) at 8 GPa, to C2/c (Phase
III) at 12 GPa, and finally to a substitutional alloy (Phase IV, I-3m) at
14 GPa. Four superconducting phases were identified via temperature-
dependent resistivity measurements under high pressure. Topological
superconductivity can be realized in the first superconducting phase
due to proximity effect between superconducting bulk states and Dirac
type surface states [9]. However, the crystal structure at high pressure
and low temperature remains intact. Since the superconducting critical

pressure is very close to the phase transition pressure at room
temperature, it is still a doubt whether the superconducting phase
transition is related to the structural phase transition [21].

In this paper we addressed the high pressure low temperature
angle-dispersive powder X-ray diffraction (ADXRD). No phase transi-
tion was detected up to 10 GPa at 8 K. Phase transition from Phase I to
Phase II was observed between 8 K and 45 K at 8 GPa. In contrast to
the previous reports, we discussed the superconducting and topological
properties of p-type Bi2Te3 under high pressure and low temperature.

2. Experiments

Bi2Te3 crystals were grown using Bridgeman method. High purity
Bi (99.999%) and Te (99.999%) with stoichiometric ratio were mixed,
ground to fine powder and then pressed into pellets. The pellets were
loaded into a quartz ampoule and sealed in vacuum. The ampoule was
put into muffle furnace, heated to 1000 °C and kept for 3 days. After
that, the furnace slowly cooled with the rate of 5 °C/hour to 500 °C,
followed by furnace cooling. The final product can be easily cleaved into
thin small sheets.

The final product was identified by X-ray powder diffraction (XRD).
The XRD data was taken by a Phillips X′PERT using Cu Kα radiation.
Fine powder was ground from cleaved specimen. In situ high pressure
low temperature ADXRD experiments with synchrotron radiation were
performed at HPCAT (Beam line 16BM-D and 16ID-B) of Advanced
Photon Source using a Mao-Bell diamond anvil cell (DAC). We carried
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out two independent ADXRD measurements. One measurement was
carried out at 8 K under various pressure and the other was under
8 GPa at various temperature from 8 K to 260 K. The wavelength in the
two measurements is 0.4134 Å and 0.3982 Å respectively. Helium was
loaded into the sample chamber as pressure transmitting medium to
guarantee hydrostatic condition. Pressure was calibrated using ruby
fluorescence scale with a tiny ruby in sample chamber [22]. The Debye
rings were recorded with image plate. ADXRD patterns were integrated
from the images using FIT2d software [23].

3. Results

Fig. 1 shows in situ ADXRD pattern of Bi2Te3 at 8 K under various
pressures up to 10 GPa. The peaks in ADXRD pattern under 1 GPa can
be indexed with Phase I structure. The difference in peak intensity
between 1 GPa and ambient pressure is caused by the crystal orienta-
tion under pressure. Peaks shift to the larger angle with increasing
pressure due to the reduction of crystal lattice. No new peak appears in
the pattern, indicating that Phase I persists up to 10 GPa at 8 K.

Temperature-dependent ADXRD patterns under 8 GPa are shown
in Fig. 2. All peaks of ADXRD pattern at 8 K can be indexed with Phase
I, which is consistent with the above experimental results. A new set of
diffraction peaks appear in the pattern of 45 K, indicating that a phase
transition occurs between 8 K and 45 K. The pattern remains essen-
tially unchanged from 45 K to room temperature.

4. Discussion

According to the ADXRD results, no structure phase transition
occurs at 8 K under high pressure up to 10 GPa. Structure phase
transition occurs between 8 K and 45 K under 8 GPa. In order to study
the new structure after phase transition, we carefully compared the
ADXRD patterns at 45 K and higher temperatures with those of high
pressure phases reported previously [9,14,16,18]. The d-spacings and
normalized intensities corresponding to the new diffraction peaks are
very close to those of Phase II, indicating that the new peaks are from
Phase II. The isotherm process at 8 K from 8 GPa to 10 GPa actually
was realized by being heated from 8 K to 50 K at 8 GPa, then
pressurized to 10 GPa and cooled to 8 K. Bi2Te3 undergoes a phase
transition from Phase I to Phase II during heated to 50 K at 8 GPa,
maintains Phase II during pressurization from 8 GPa to 10 GPa at
50 K. As Bi2Te3 is in Phase I at 8 K and 10 GPa, it undergoes a phase
transition from Phase II back to Phase I during the cooling process
from 50 K to 8 K under 10 GPa. As Phase I is more stable at 8 GPa than
at 10 GPa, we believe that the phase transition from Phase I to Phase II
is reversible.

ADXRD patterns in Fig. 1 were refined using EXPGUI GSAS
program package with Rietveld method [24]. Fig. 3 shows the refined
results of ADXRD patterns at 2 GPa and 8 GPa. Lattice parameters of
unit cell and atomic coordinates are listed in Table 1. The refined lattice
parameters and volumes at various pressures are plotted in Fig. 4. The
pressure dependence of volume are fitted by using the Birch–
Murnaghan (B–M) equation

Fig. 1. ADXRD patterns of Bi2Te3 under various pressure points at 8 K.

Fig. 2. ADXRD patterns of Bi2Te3 under 8 GPa under various temperatures.▽ indicates
the diffraction peaks belong to Phase II. • indicates the diffraction peaks of gasket.

Fig. 3. Rietveld refinement results of Bi2Te3 under 2 GPa and 8 GPa. The + symbols and
red lines represent the observed data and Rietveld fits respectively. The blue lines
represent the difference of intensity between the observed data and the fitted data. The
XRD peaks are indicated by vertical bars. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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where V0 is the zero-pressure volume, B0 is the bulk modulus at
ambient pressure, and B′0 is the derivative of the bulk modulus with
respect to pressure. Assuming B′0 = 4, the ambient pressure bulk
modulus B0 is 45 ± 3 GPa. The fitted result is shown with red line in
Fig. 4.

Now we turn to the superconductivity of p-type Bi2Te3 under high
pressure. The onset of superconductivity appears at ~ 3 GPa in DAC
with solid-state pressure media [9,18,25]. However superconductivity
appears above ~ 7 GPa under hydrostatic condition [21]. As the
superconducting Tc is below 8 K, we speculate that the superconduc-
tivity below 10 GPa is related to R-3m phase. The superconducting
phase below 7 GPa is due to the uniaxial strain effect in the R-3m
phase. The hole-like carriers in normal states [9,18,25] indicate that
the non-zero bulk energy gap existed. It is theoretically predicted that
topological surface states of Phase I remains stable under pressure [9].
For the bulk superconducting phase at 7 GPa, topological supercon-
ductivity might be realized on the interface states due to proximity
effect with the bulk superconducting states.

5. Conclusions

In conclusion, structural stability and phase transition of Bi2Te3
have been investigated through high-pressure low-temperature
ADXRD up to 10 GPa. Phase I is stable at 8 K up to 10 GPa. Under
8 GPa, a phase transition from Phase I to Phase II was observed
between 8 K and 45 K. ADXRD patterns collected at 8 K were refined.
The pressure-dependent volume relationship was fitted by the Birch–
Murnaghan (B–M) equation. The ambient pressure bulk modulus B0 is
45 ± 3 GPa. The superconductivity below 10 GPa is related to Phase I.
Topological superconductivity might be realized at the interface states.
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Fig. 4. Pressure dependence of lattice parameters and unit cell volume of Bi2Te3 at 8 K.
The red line is the fitting result of B-M equation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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