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The doped topological insulator CuxBi2Se3 has attracted considerable attention as a new platform for
studying novel properties of spin-triplet and topological superconductivity. In this work, we performed
synchrotron x-ray diffraction measurements on CuxBi2Se3 (0.24 ≤ x ≤ 0.46) to investigate the coupling
between the superconducting order parameter and crystal lattice. In the crystals in which the vector order
parameter (d vector) is tilted from the crystal high-symmetry directions as evidenced by nematic
diamagnetic susceptibility, we find a sizable lattice distortion (∼100 ppm) associated with the onset of
superconductivity. In contrast, in crystals with the d vector aligned along the high-symmetry directions,
we find no appreciable change in lattice constant. Together with a pronounced vestigial behavior of the
distortion, the results are clear evidence for an odd-parity Eu order parameter that couples with trigonal
lattice. Furthermore, in the crystal with x ¼ 0.46 where diamagnetic susceptibility is isotropic in the plane,
no lattice distortion accompanying the superconducting transition is found, which is in line with a chiral
superconducting state in the highly doped region. Our work shows that lattice distortion can be a powerful
diagnosing quantity for nematic superconductivity with two-component order parameter.
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Whether a superconducting transition accompanies
a crystal structural change has been a topic of research
for long time in spin-singlet superconductors. A volume
expansion at the transition into an isotropic superconduct-
ing state was discussed already in the early stages of
superconductivity research [1]. Later, a spontaneous lattice
distortion at the superconducting transition was predicted
for heavy Fermion compounds with an anisotropic gap
function [2,3]. It was pointed out that the lattice can expand
in the directions along which the gap is large [2]. Lattice
distortion was also discussed theoretically in cuprate
high-temperature superconductors [4], and a volume
expansion associated with the superconducting transition
was observed experimentally, hinting at a role of phonon
coupling [5].
Recently, efforts have been made to turn the topological

insulator Bi2Se3, which has a trigonal primitive lattice
belonging to D3d point group, into a superconductor by
doping carriers [6–8]. In the case of CuxBi2Se3, nuclear
magnetic resonance measurements revealed a broken spin-
rotation symmetry below Tc [9], which is a hallmark
evidence for spin-triplet superconductivity. Since the inver-
sion symmetry is preserved in this system, the spin-triplet
pairing means an odd-parity orbital wave function, thereby

establishing CuxBi2Se3 as a topological superconductor
[10,11], which can host gapless conductive states at their
boundaries. In particular, quasiparticle excitations, namely,
the Majorana zero-energy modes can exist in the vortex
core [12,13], which obey non-Abelian statistics and
are expected to be applied in fault-tolerant quantum
computing [14,15].
The discovery of spin rotation symmetry breaking in

CuxBi2Se3 makes this system an excellent platform for
studying the physics of spin-triplet superconductivity,
which is much less known compared to spin-singlet cases.
It was proposed that the novel state is described by the Eu
representation with a two-component order parameter [16].
In such case, the order parameter can couple to the trigonal
lattice where the in-plane and out-of-plane shear strain
tensors transform as the same irreducible representation
[17]. Therefore, obtaining experimental evidence for such
coupling is crucial for pining down the order parameter
in this class of novel superconductors. Previously, it was
found that the in-plane nematic Meissner diamagnetism
has a symmetry tiled from the crystal high-symmetry
directions, which is restored by applying a strong enough
magnetic field [18]. The tilting has been interpreted as a
consequence of phonon coupling [18], but direct evidence
is lacking. Thermal expansion measurements on NbxBi2Se3
suggest a minute (∼0.1 ppm) a-axis change upon the
superconducting transition [19], while high-resolution*Contact author: zheng@psun.phys.okayama-u.ac.jp
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x-ray measurements found no distortion in SrxBi2Se3 [20].
Thus, the coupling between the spin-triplet order parameter
and lattice remains unclear, and further investigation
is needed.
In this Letter, we report on x-ray diffraction measure-

ments using high-resolution synchrotron light for
electrochemically Cu-doped CuxBi2Se3 characterized by
angular-dependent in-plane magnetic susceptibility mea-
surements. We find a spontaneous lattice distortion of the
order 100 ppm in crystals with the d vector tilted away from
the crystal high-symmetry directions. The distortion starts
at a temperature T� above Tc with T� ∼ 1.1 Tc. However,
no appreciable distortion was detected in crystals where the
d vector aligns along the high-symmetry (axis) directions.
Furthermore, for large doping rate (x ¼ 0.46) where the
gap is isotropic in the plane, no lattice distortion was
found either. These results reveal the novel feature of the
coupling between the two component Eu type super-
conducting order parameter and trigonal crystal lattice.
Our work can also shed light on kagome or iron-based
superconductors with two bands and twisted bilayer
graphene, where the charge-4e state [21,22] or quadruple
fermion state [23] are a focus of study.
Single crystals of CuxBi2Se3 were prepared by inter-

calating Cu into Bi2Se3 by the electrochemical doping
method described in Refs. [24,25]. First, single crystals of
Bi2Se3 were grown by melting stoichiometric mixtures of
elemental Bi (99.9999%) and Se (99.999%) at 850 °C for
48 h in sealed evacuated quartz tubes. After melting, the
sample was slowly cooled down to 550 °C over 48 h and
kept at the same temperature for 24 h. Those melt-grown
Bi2Se3 single crystals were cleaved into smaller rectangular
pieces of about 14 mg. They were wound by bare copper
wire (diameter 0.05 mm), and used as a working electrode.
A Cu wire with diameter of 0.5 mm was used both as the
counter electrode and the reference electrode. We applied a
current of 10 μA in a saturated solution of CuI powder
(99.99%) in acetonitrile (CH3CN). The obtained crystal
samples were then annealed at 560 °C for 1 h in sealed
evacuated quartz tubes, and quenched into water. The Cu
concentration xwas determined from the mass increment of
the samples. It is confirmed that the Cu is indeed doped into
the crystal by Knight shift measurements which increases
with increasing Cu content x [24]. To check the super-
conducting properties, dc susceptibility measurements
were performed using a superconducting quantum inter-
ference device with the vibrating sample magnetometer.
The angle-dependent in-plane magnetic susceptibility mea-
surements were performed by rotating the sample inside a
fixed coil placed in a magnetic field. The angle was
determined using two Hall sensors [18]. Synchrotron
radiation was employed for the measurements of lattice
constants with high resolution. These measurements were
performed at the BL-3A beamline of Photon Factory in
High Energy Accelerator Research Organization (KEK).

The incident beam was monochromatized by a pair of
Si(111) crystals. Figure 1(a) shows the results of dc
magnetization measurements for the samples used in this
study. Figures 1(b) and 1(c) illustrate the experimental
setup of the measurements between 1.9 and 12 K. The
sample was mounted on a brass holder and measured using
a two-axes diffractometer.
First, we present the results for x ¼ 0.24. Figure 2(a)

shows the in-plane ac susceptibility as a function of the
field angle at T ¼ 1.6 K and H ¼ 0.5 T in the super-
conducting state [18]. As in the previous reports, a twofold
symmetry with an ellipse shape is observed, in which the
upper critical field Hc2 is the largest along the long axis of
the ellipse. The d vector is perpendicular to the long axis of
the ellipse [9,18,24], and thus is along the a axis for this
crystal. Such nematicity is robust against thermal cycling.
As found previously [18,24] and also in this work [26],
regardless of x, CuxBi2Se3ðx < 0.4Þ can host two kinds of
nematic superconducting states with the d vector either
parallel or perpendicular to the a axis, which is believed to
correspond to the proposed two (almost) degenerate gap
functions of Eu [16]. Figure 2(b) displays the synchrotron
diffraction spectrum of (2 2 0) and (3 0 0) reflections.
The index (2 2 0) and (3 0 0) correspond to [1 0 0] and
[1 1 0] crystal directions. There is no detectable change
across Tc. The temperature dependence of the lattice-plane
distance d½100� and d½110� determined from the peak position
is shown in Figs. 2(c) and 2(d), and no difference is seen
above and below Tc.
By contrast, we discover a quite large lattice change in

crystals with the d vector tilted away from the high-
symmetry direction. Figure 3(a) shows the result for
x ¼ 0.27. The in-plane magnetic susceptibility exhibited
a twofold symmetry, but the long axis of the ellipse is tilted
away from the a� axis by 5°. Synchrotron diffraction
spectra revealed a spectral shift below ∼Tc, and the
directions of the shift are opposite between the [1 0 0]
and [1 1 0] direction. The temperature dependence of the
lattice-plane distance is shown in Figs. 3(c) and 3(d). The
lattice expands along the a-axis direction and contracts

FIG. 1. (a) Results of the dc magnetization measurements for
the crystals used in this study. (b),(c) The experimental setup for
the synchrotron x-ray diffraction measurements.
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along the a�-axis direction [Figs. 3(c) and 3(d) inset]. We
define ϵ ¼ ½dðTÞ − d0�=d0, the deviation rate of the
lattice-plane distance from the value at temperatures well
above Tc, where dðTÞ represents the value at a temper-
ature T, while d0 at T ¼ 12 K. ϵ is found to be 70 ppm in
this crystal.
Below, we discuss the origin of the lattice distortion

below the superconducting transition. The total free energy
of the system at zero magnetic field consists of contribu-
tions from the spin-triplet superconducting order which is
nematic, Striplet, the acoustic phonons (the fluctuations
of strain) energy Sphonon, the coupling between the two,
Striplet-phonon, and the pinning energy Spinning to lock the
d vector to a particular direction:

Stotal ¼ Striplet þ Spinning þ Sphonon þ Striplet-phonon: ð1Þ

The coupling term is given by [17]

Striplet-phonon ¼
Z

fΨ · ðκ1e1 þ κ2e2Þg; ð2Þ

where Ψ ¼ ðΨ1;Ψ2Þ ¼ ðΔ�σzΔ;−Δ�σxΔÞ, with Δ being
the two-component spin-triplet nematic order parameter
[16] and σ the Pauli matrix. e1;2 is the in-plane shear strain
and out-of-plane shear strain doublet, respectively.

e1 ¼
�
exx − eyy
−2exy

�
; e2 ¼

�
2eyz
−2ezx

�
:

The d vector is d ¼ fΔxkz;Δykz;−ðv0=vzÞ½Δxkx þ Δyky�g
[27]. Both Ψ and e1;2 transform as the same irreducible
representation [17], so that they can couple through the
nematoelastic coupling constants κ1 and κ2. This linear
coupling mediates the lattice distortion.
The spin-triplet interaction Striplet favors the d vector

(nematic director) to align parallel to the high-symmetry
directions, and the pinning energy Spinning is to select
one direction among them [18]. The phonon-mediated

FIG. 2. (a) Diamagnetism measured by in-plane ac susceptibil-
ity as a function of the angle ϕ between the predetermined a axis
and the applied field. The solid black curve is sinð2ϕÞ. The dotted
red and blue line corresponds to the direction along which
synchrotron diffraction measurements were performed ([1 0 0]
and [1 1 0]), respectively. (b) x-ray diffraction spectrum. The
solid curves are fits to two-Gaussian functions. (c),(d) The lattice-
plane distance d½100� calculated from the peak positions at the
(2 2 0) and (3 0 0) reflections, respectively. The d½100� is in
agreement with the a-axis constant reported previously [6]. Error
bars represent the uncertainties from Gaussian fits.

FIG. 3. (a) Angle dependence of the diamagnetism. The solid
curve is sinð2ϕþ δÞ, where δ represents the deviation from the
high-symmetry direction. (b) Synchrotron x-ray diffraction spec-
tral. (c),(d) The lattice-plane distance d½100� and d½110� calculated
from the peak positions. ϵ is the deviation rate from the value
at temperatures well above Tc (see text). The inset shows a
schematic illustration of the in-plane crystal distortion. The arrow
indicates the d-vector direction.
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interaction prefers the nematic director to align to the
directions farthest away from the high-symmetry direc-
tions. When the nematoelastic coupling is large enough, it
can unlock the nematic director from the high-symmetry
directions. Therefore, the tilting of the d vector can
be understood as due to a large coupling between Ψ and
e1;2 [18], which can vary from crystal to crystal as the
defects in the sample is uncontrollable owing to the
quenching process during crystal synthesis. When there
are more defects in the sample, acoustic (long wave)
phonon propagation could be hindered, resulting in a
smaller nematoelastic coupling, whose detailed mechanism
needs more investigation in the future though. At any rate,
the direct consequence of a large nematoelastic coupling is
a large crystal distortion.
Although both the x ¼ 0.24 and x ¼ 0.27 samples

exhibit a twofold symmetry at low fields, in the former
the d vector is oriented along a high-symmetry axis (a axis)
of the crystal, whereas in the x ¼ 0.27 sample, the d
vector is tilted away from the a�-axis direction, meaning
that the nematoelastic coupling is larger in the later.
The previously reported results for SrxBi2Se3 and
NbxBi2Se3 [19,20] can also be well reconciled. The
electrical resistivity measurements show that the Hc2
shows an ellipselike twofold symmetry with the long axis
of the ellipse along the crystal axis. Therefore, the
nematoelastic coupling is small there. As a result, the
lattice change due to the superconducting transition is
expected to be very small, and is indeed in the order of
0.1 ppm as seen in the high-resolution thermal expansion
measurement [19] which was unable to be detected by
Smylie et al. [20] and in two of our crystals (x ¼ 0.24 and
0.33 [26]) simply because it is beyond the resolution limit
of x-ray measurement.
In passing, we note two important properties of the

spontaneous lattice distortion. First, the c axis is also
distorted [26], therefore the crystal structure is in a triclinic
phase under a larger nematoelastic coupling. Second, a
close inspection of the data shows that the lattice changes
occur at a temperature T� slightly above Tc. Figure 4
plots the values of T� against Tc, including the data for
NbxBi2Se3 [19] and SrxBi2Se3 where specific heat meas-
urement found an anomaly ascribable to superconductivity
above a temperature above the Tc [28]. A good correlation
is seen between T� and Tc. This is another piece of
evidence for two-component Eu order parameter in
CuxBi2Se3 as elaborated below.
A spin-triplet two-component phase is characterized by a

2 × 2 composite order parameter Q [27], with the tensor
Qαβ ¼

P
μν σμνσαβΔ�

μΔν, where σ ¼ ðσz; σxÞ. Explicitly, Q
can be expressed as

Q ¼
 

jΔxj2 − jΔyj2 Δ�
xΔy þ Δ�

yΔx

Δ�
xΔy þ Δ�

yΔx jΔyj2 − jΔxj2

!
: ð3Þ

The expectation value hΔxi ¼ hΔyi ¼ 0 above Tc, while
the expectation value of Q can be finite above Tc, since
hΔ�

xΔyi ≠ 0 for example. As a result, a lattice distortion
eμν ∝ κQμν can develop at a temperature T� above Tc.
Therefore, the large discrepancy between Tc and T� by
about 15% Tc, which is not encountered in conventional
superconductors where the superconducting-fluctuation
temperature range is extremely small and is not accessible
by experiments [29], serves as a hallmark for a two-
component Eu superconducting order parameter. We note
that the phenomena of charge-4e state [21,22] or quartic
fermion phase [23] share similarities with our work in
that two components of the order parameter play an
essential role.
Finally, Fig. 5 shows the results for x ¼ 0.46. Unlike the

results for x < 0.4, the angular dependence of the in-plane
magnetic susceptibility yielded an isotropic shape. In
synchrotron x-ray diffraction measurements, no changes
were observed in the spectra around Tc. Namely, the lattice
constant exhibited no significant change across Tc. We
should first comment on a possible extrinsic cause for the
lack of lattice distortion. In the high-doping regime, one
may suspect that multiple domains are present which may
cause an isotropic in-plane susceptibility and nulls any
lattice change. In our synchrotron measurements, the beam
size was 0.05 × 0.05 mm2. If domains smaller than beam
size were present, distortions occurring in different direc-
tions would broaden the spectral peaks upon the super-
conducting transition. However, no such broadening was
observed. Therefore, we believe that the observed result is
an intrinsic property.
Our previous research has clarified that the symmetry

of the superconducting gap changes from nematic to
isotropic at around x ¼ 0.4 [24]. In angular-dependent
measurements of the in-plane upper critical field Hc2, the

FIG. 4. The precursor temperature T� correlated with Tc.
The data point for Sr is from the specific measurement [28],
and the data point for Nb is from the thermal expansion
measurement [19]. The straight line is a linear fit to T� ¼ kTc
with the result k ¼ 1.16.
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low-doping regime shows twofold symmetry, while the
high-doping regime exhibits isotropic behavior. It has been
pointed out that [16], the two-component order parameter
can result in either a nematic state Δx or Δy, or a chiral state
in which the gap is isotropic in the hexagonal plane. The
gap of the chiral state depends on spin species, one having a
full gap and the other nodal gap. Even the later one with
two nodes at the poles can be energetically stable as the
Fermi surface becomes more two dimensional at higher
doping [30]. The synchrotron x-ray diffraction experiments
revealing no in-plane distortion accompanying the super-
conducting transition is consistent with such a chiral
superconducting state. Therefore, our new results further

solidify the phase diagram schematically shown in Fig. 5,
providing additional supporting evidence for the doping-
dependent changes in the pairing symmetry.
In summary, we performed synchrotron x-ray diffraction

measurements to investigate whether a lattice distortion
occurs at the superconducting transition of the spin-triplet
topological superconductor CuxBi2Se3. In crystals in which
the d vector is tilted from the crystal high-symmetry
directions as evidenced by nematic diamagnetic suscep-
tibility, we find a sizable lattice distortion (∼100 ppm)
associated with the onset of superconductivity. In contrast,
in crystals with the d vector aligned along the high-
symmetry directions, the lattice distortion is negligibly
small. Furthermore, the distortion shows a pronounced
vestigial behavior. These results are clear evidence for a
two-component order parameter that couples with trigonal
lattice. Furthermore, the crystal with x ¼ 0.46 where the
gap is isotropic in the plane, no lattice distortion accom-
panying the superconducting transition is detected, which is
in line with a chiral superconducting state in the highly
doped region. Our results provide fresh new insights into
the physics of superconductivity with two-component odd-
parity order parameters.
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