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We report a high-pressure transport study of the upper-critical field Bc2(T ) of the topological superconductor
Sr0.15Bi2Se3 (Tc = 3.0 K). Bc2(T ) was measured for magnetic fields directed along two orthogonal directions,
a and a∗, in the trigonal basal plane. While superconductivity is rapidly suppressed at the critical pressure
pc ∼ 3.5 GPa, the pronounced two-fold basal-plane anisotropy Ba

c2/B
a∗
c2 = 3.2 at T = 0.3 K, recently reported

at ambient pressure [Pan et al., Sci. Rep. 6, 28632 (2016)], is reinforced and attains a value of ∼5 at the
highest pressure (2.2 GPa). The data reveal that the unconventional superconducting state with broken rotational
symmetry is robust under pressure.

DOI: 10.1103/PhysRevB.94.144516

I. INTRODUCTION

The tetradymite Bi2Se3 is one of the prototypical materials
that played an instrumental role in developing the field of three-
dimensional topological insulators [1–3]. Electronic structure
calculations [4] predicted Bi2Se3 has a nontrivial topology of
the electron bands due to large spin-orbit coupling. The bulk of
the crystal is insulating, and at the surface gapless states exist
that are protected by symmetry. The topological surface states
are characterized by a helical Dirac-type energy dispersion
with the spin locked to the momentum. The topological
properties have experimentally been confirmed by angle
resolved photoemission spectroscopy (ARPES) [5,6]. Most
interestingly, the topological insulator Bi2Se3 can relatively
easily be transformed into a superconductor with Tc ∼ 3 K by
doping with Cu [7], Sr [8], Nb [9], or Tl [10]. Making use of
the direct analogy of the Bogoliubov-de Gennes Hamiltonian
for the quasiparticles of a superconductor and the Bloch
Hamiltonian for the insulator it is predicted that these doped
systems are topological superconductors [2,3]. Taking into
account the Fermi surface topology in the normal state this can
give rise to an odd-parity Cooper pairing symmetry and a fully
gapped superconducting state [11,12]. Among the Bi2Se3-
based superconductors, CuxBi2Se3 has been studied most in-
tensively [7,13–15]. A topological superconducting state was
concluded based on a two-orbital model for centrosymmetric
superconductors exhibiting strong spin-orbit coupling. The
possible superconducting order parameters were evaluated by
symmetry-group classification (D3d point group, R3m space
group) and an interorbital spin-triplet state (�2-pairing) was
put forward as order parameter [12,14]. On the other hand,
scanning tunneling microscopy (STM) measurements [16]
argue against unconventional superconductivity. Moreover,
CuxBi2Se3 crystals are prone to sample inhomogeneities
[16,17], and a maximum superconducting volume fraction of
only ∼50% has been achieved [13,17].

An exciting development in the field of Bi2Se3-based
superconductors is the experimental observation of rotational
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symmetry breaking: A magnetic field applied in the trigonal
basal-plane spontaneously lowers the symmetry to twofold
[1,18]. In CuxBi2Se3 this was demonstrated for the spin
system by the angular variation of the Knight shift measured
by nuclear magnetic resonance (NMR) [18], while specific
heat measurements show it is a thermodynamic bulk feature
[19]. In SrxBi2Se3 rotational symmetry breaking was detected
by the angular variation of the upper critical field Bc2(θ ),
probed by magnetotransport [1], and in NbxBi2Se3 by torque
magnetometry that senses the magnetization of the vortex
lattice [20]. The rotational symmetry breaking appears to
be ubiquitous in Bi2Se3-based superconductors and provides
additional evidence for topological superconductivity. Espe-
cially, it puts important constraints on the possible order
parameters. According to recent models [21–23] it restricts the
order parameter to an odd-parity two-dimensional representa-
tion, Eu, with �4 pairing, which involves a nematic director
that breaks the rotational symmetry when pinned to the crystal
lattice. This unconventional superconducting state is referred
to as nematic superconductivity.

Here we report a high-pressure magnetotransport study on
single-crystalline Sr0.15Bi2Se3, conducted to investigate the
robustness of the rotational symmetry breaking to hydrostatic
pressure. The upper-critical field Bc2(T ) was measured for
magnetic fields directed along two orthogonal directions, a

and a∗, in the trigonal basal plane. While superconductivity
is rapidly depressed with pressure, the pronounced twofold
basal-plane anisotropy Ba

c2/B
a∗
c2 = 3.2 observed at T = 0.3 K

at ambient pressure [1] is reinforced and attains a value of
∼5 at the highest pressure (2.2 GPa). The rapid depression
of Tc points to a critical pressure for the suppression of
superconductivity pc ∼ 3.5 GPa. Recently, a similar rapid
decrease of Tc has been reported in a systematic study of
the electronic and structural properties of single crystals of
Sr0.065Bi2Se3 [24]. In the pressure range covering pc the R3m

space group is preserved. By increasing the pressure further
two structural phase transitions are observed, namely at 6 GPa
to the C2/m phase and at 25 GPa to the I4/mmm phase.
We remark that at pressures above 6 GPa superconductivity
reemerges with a maximum Tc ∼ 8.3 K [24]. This is analogous
to the emergence of superconductivity under pressure in
undoped Bi2Se3 [25].
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II. EXPERIMENTAL

For the preparation of SrxBi2Se3 single crystals with a
nominal value x = 0.15, high-purity elements were melted
at 850 ◦C in sealed evacuated quartz tubes. Crystals were
formed by slowly cooling to 650 ◦C at a rate of 3 ◦C/hour.
Powder x-ray diffraction confirmed the R3̄m space group.
The single-crystalline nature of the crystals was checked by
Laue back-reflection. Flat samples with typical dimensions
0.3 × 2.5 × 3 mm3 were cut from the bulk crystal with a
scalpel blade. The plane of the samples contains the a and
a∗ axis. The a direction was taken along the long direction of
the sample. The characterization of the single-crystalline batch
with x = 0.15 by means of x-ray diffraction, transport, and ac-
susceptibility measurements is presented in the Supplementary
Information of Ref. [1]. The characterization presented in
Ref. [1] is representative for the crystals studied here, among
others a superconducting shielding fraction of 80%.

High-pressure magnetotransport measurements were car-
ried out with help of a hybrid clamp cell made of NiCrAl
and CuBe alloys. Two crystals were mounted on a plug that
was placed in a Teflon cylinder with Daphne oil 7373 as
a hydrostatic pressure transmitting medium. For resistance
measurements in a four-point configuration, thin gold wires
were attached to the flat sides of the crystals by silver paste. The
magnetic field was applied in the aa∗ plane of the sample with
configurations B ‖ a ‖ I (crystal 1) and B ‖ a∗ ⊥ I (crystal
2). In these geometries Bc2 attains its maximum and minimum
value, respectively [1]. The pressure cell was attached to the
cold plate of a 3He refrigerator (Heliox, Oxford Instruments)
equipped with a superconducting solenoid (Bmax = 14 T). The
effective pressure was determined in previous experiments
[26,27], and the maximum pressure reached is 2.2 GPa. Low
temperature, T = 0.24–10 K, resistance measurements were
performed using a low-frequency lock-in technique with low
excitation currents (I � 100 μA).

III. RESULTS

Before mounting the crystals in the pressure cell the
temperature variation of the resistivity was measured at
ambient pressure. The resistivity shows a metallic behavior
and levels of below ∼10 K (see Ref. [1]). For both crystals
Tc = 3.05 ± 0.10 K as identified by the midpoints of the
transitions in R(T ) (see black solid circles in Fig. 1). Under
pressure the resistivity remains metallic and the resistance
ratio R(300 K)/R(4 K) increases by ∼100% for crystal 1 and
∼30% for crystal 2, as shown in the inset of Fig. 2. The
larger increase for crystal 1 is mainly due to the decrease
of R(4 K), while R(4 K) is close to constant for crystal 2.
R(T ) around the superconducting transition under pressure is
shown in Fig. 1 (solid lines). Superconductivity progressively
shifts to lower temperatures. In Fig. 2 we trace Tc(p) of
both crystals. Tc is smoothly depressed to a value of 0.90
K at 2.15 GPa. The dashed line in Fig. 2 represents a linear
extrapolation of Tc(p) and indicates the critical pressure pc for
the suppression of superconductivity is ∼3.5 GPa. We remark
that the value pc = 1.1 GPa reported in Ref. [24] most likely
underestimates pc as it is based on the extrapolation of Tc(p)
from temperatures above 2 K only. In the case of CuxBi2Se3

FIG. 1. Resistance of Sr0.15Bi2Se3 as a function of temperature
around Tc for crystal 1 (left panel) and crystal 2 (right panel) at
pressures up to 2.15 GPa as indicated. The resistance is normalized
to R(4 K) at ambient pressure. The black solid circles represent R(T )
at ambient pressure.

the critical pressure is estimated to be a factor 2 larger than in
the Sr doped case, pc ∼ 6.3 GPa [27].

The resistance as a function of temperature in fixed
magnetic fields applied along the a and a∗ axis was measured
to determine the upper-critical field Bc2. Typical data at
p = 1.29 GPa are presented in Fig. 3. The superconducting
transition becomes broader in magnetic field. In order to
systematically determine Tc(B) [or Bc2(T )] we collected the
midpoints of the superconducting transitions in R(T ). We
remark that other definitions of Tc, such as a 10% or 90% drop
of the resistance with respect to the normal state value, will

FIG. 2. Superconducting transition temperature Tc as a function
of pressure for crystal 1 (blue symbols) and crystal 2 (red symbols).
The dashed line represents a linear extrapolation of Tc(p) with
pc ∼3.5 GPa. Inset: Normalized resistance R(300 K)/R(4 K) as a
function of pressure for both crystals.
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FIG. 3. Left panel: Resistivity of Sr0.15Bi2Se3 as a function of
temperature at p = 1.29 GPa for B ‖ a ‖ I (crystal 1) measured in
fixed magnetic fields. Curves from right to left: from 0 T to 0.6 T with
0.1 T steps and from 0.8 T to 1.6 T with 0.2 T steps. Right panel: Data
for B ‖ a∗ ⊥ I (crystal 2) measured in fixed magnetic fields. Curves
from right to left: from 0 T to 0.4 T with 0.05 T steps and in 0.5 T.

affect the absolute value of Bc2, but not our central conclusion
that the anisotropy of Bc2 is robust under pressure.

The main results are presented in Fig. 4, where we have
plotted Bc2(T ) at different pressures for B ‖ a (crystal 1) and
B ‖ a∗ (crystal 2). Note the difference of a factor 2 in the units
along the vertical axis between the left and right panel. The
most striking feature is the strong depression of Ba

c2(T ) and

FIG. 4. Temperature variation of the upper-critical field Bc2 of
Sr0.15Bi2Se3 with configuration B ‖ a ‖ I (left panel) and B ‖ a∗ ⊥ I

(right panel) at pressures (from top to bottom) of 0, 0.26, 0.60, 0.95,
1.29, 1.72, and 2.15 GPa. Open circles yield Bc2 taken from field
sweeps at fixed temperature. The data at p = 0 (crystal 3) in the
right panel are taken from Ref. [1]. Inset: Pressure variation of the
basal-plane anisotropy Ba

c2/B
a∗
c2 at T = 0.5 K (solid red symbols) and

at T/Tc = 0.28 (solid blue symbols). The ambient pressure point is
taken from Ref. [1]. The dashed line is a guide to the eye.

Ba∗
c2 (T ) with pressure. A second remarkable feature is that the

strong anisotropy Ba
c2(T ) � Ba∗

c2 (T ) persists under pressure.

IV. ANALYSIS AND DISCUSSION

The robustness of the large basal-plane anisotropy can be
quantified by tracing the ratio Ba

c2/B
a∗
c2 at the low temperature

of 0.5 K as a function of pressure (see inset in Fig. 4).
This shows the anisotropy ratio is reinforced under pressure
and increases by a factor close to 2 at the highest pressure
(2.2 GPa). Since Bc2(T ) does not level off when T → 0,
we have also traced the anisotropy ratio at the reduced
temperature T/Tc = 0.28 in the inset. The increase is the
same. The configurations B ‖ a ‖ I (crystal 1) and B ‖ a∗ ⊥ I

(crystal 2) were selected because at these field angles the
maximum and minimum Bc2 values are measured. The large
anisotropy Ba

c2/B
a∗
c2 tells us the rotational symmetry breaking

is preserved. Since we cannot rotate the pressure cell in the
magnetic field in situ, the development of additional anisotropy
terms cannot be ruled out. This is however highly unlikely
given the smooth variation of Ba

c2(p) and Ba∗
c2 (p).

As discussed in Pan et al. (Ref. [1]) the large twofold basal-
plane anisotropy cannot be explained by the Ginzburg-Landau
anisotropic effective mass model or by the effect of flux flow
on Bc2 due to the Lorentz force for B ⊥ I . Instead it provides
solid evidence for unconventional superconductivity. This
was put on firm footing by calculations of the upper-critical
field in the framework of the Ginzburg-Landau theory for
superconductors with D3d crystal symmetry [28,29]. While
for one-dimensional representations Bc2 is isotropic in the
basal plane, two-dimensional representations, like Eu, can
give rise to a sixfold anisotropy. The further reduction of
Bc2 to twofold as observed in experiments [1,18–20] is then
naturally explained by the lifting of the degeneracy of the two
components. The origin of the lifting of the degeneracy has
not been established yet and is the subject of future research.
Possibly, uniaxial strain or a preferred ordering of the dopant
atoms in the Van der Waals gaps between the quintuple layers
of the Bi2Se3 crystal lowers the symmetry.

The increase of the ratio Ba
c2/B

a∗
c2 with pressure is

somewhat unexpected, since hydrostatic pressure has a
tendency to broaden phenomena. According to the basic
Ginzburg-Landau relations, Ba

c2 = �0/(2πξa∗ξc) and Ba∗
c2 =

�0/(2πξaξc), where ξ is the superconducting coherence length
and �0 the flux quantum, it implies ξa/ξa∗ increases with
pressure. Interpreting ξ as the Cooper-pair size this tells us the
pairing interaction along a∗ increases (ξa∗ smaller) with respect
to that along a and in a simple model that the superconducting
gap becomes more anisotropic. Here we use the BCS relation
ξ = �vF /π�, where � is the superconducting gap and vF

the Fermi velocity. This in turn implies that in the Ginzburg-
Landau theory of Bc2 in the D3d crystal point group the
coupling constant g of the symmetry breaking term and (or)
the ratio J4/J1 of the gradient coefficients increase(s) [29].

We remark that both Ba
c2 and Ba∗

c2 show an unusual temper-
ature variation, notably at low pressures a pronounced upward
curvature below Tc is followed by a quasilinear behavior. In
an attempt to model Bc2(T ) we present the data in Fig. 5 in
a reduced plot b∗(t), with b∗ = −(Bc2(T )/Tc)/(dBc2/dT )|Tc

and t = T/Tc the reduced temperature. In calculating the slope

144516-3
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FIG. 5. Reduced plot b∗(t) of the upper-critical field, with b∗ =
−(Bc2(T )/Tc)/(dBc2/dT )|Tc

and t = T/Tc at pressures of 0, 0.26,
0.60, 0.95, 1.29, 1.72, and 2.15 GPa for B ‖ a∗ ⊥ I (left panel)
and B ‖ a∗ ⊥ I (right panel). The black solid line represents a
comparison with the WHH model for a weak-coupling spin-singlet
superconductor, and the blue solid line represents the generalized
Ginzburg-Landau model (see text). In the determination of the slope
(dBc2/dT )|Tc

and Tc the low-field curvature of Bc2 is neglected.

(dBc2/dT )|Tc
we have neglected the low-field curvature which

resulted in a lower Tc. Therefore the reduced data show a tail
that extends to t > 1. Apart from the low-field curvature that
weakens under pressure, the data overall collapse onto a single
function b∗(t) as reported, for instance, for CuxBi2Se3 [26]
and the half-Heusler superconductor YPtBi [27]. This shows
the functional dependence does not change under pressure.
For comparison we have plotted in Fig. 5 the Bc2 curve for
a standard weak-coupling BCS spin-singlet superconductor
with orbital limit Borb

c2 (0) = −0.72 × Tc(dBc2/dT )|Tc
, i.e., the

Werthamer-Helfand-Hohenberg (WHH) model curve [30].

Clearly, the data deviate strongly from the model curve. This
calls for detailed theoretical work to model Bc2(T ) in the case
of �4 pairing in the Eu representation. Finally, we remark
that the phenomenological Ginzburg-Landau model curve,
Bc2(T ) = Bc2(0)[(1 − t2)/(1 + t2)], that was used in Ref. [31]
to provide an estimate of Bc2(0), yields a description of the
collapsed data over a fairly large temperature range as shown
in Fig. 5, where we used b∗(0) = 0.84.

V. CONCLUSIONS

We have carried out a high-pressure study of the uncon-
ventional superconductor Sr0.15Bi2Se3 in order to investigate
the unusual basal-plane anisotropy of the upper critical field,
recently detected at ambient pressure [1]. The superconducting
transition temperature is rapidly depressed with a critical
pressure of ∼3.5 GPa. Bc2(T ) has been determined for the B

field applied along two orthogonal directions, a and a∗, in the
basal plane. The pronounced twofold basal-plane anisotropy
Ba

c2/B
a∗
c2 = 3.2 at T = 0.3 K is robust under pressure and

attains a value of ∼5 at the highest pressure (2.2 GPa). The
twofold anisotropy of Bc2(T ) provides solid evidence for rota-
tional symmetry breaking in the D3d crystal structure. This puts
stringent conditions on the superconducting order parameter,
namely it should belong to a two-dimensional representation
(Eu). Rotational symmetry breaking seems to be ubiquitous in
the family of doped Bi2Se3-based superconductors. This offers
an exciting opportunity to study unconventional superconduc-
tivity with a two-component order parameter.
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