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In the doped topological insulator Sr,Bi,Se;, a pronounced in-plane twofold symmetry is observed in
electronic properties below the superconducting transition temperature 7, ~ 3 K, despite the threefold symmetry
of the observed R3m space group. The axis of twofold symmetry is nominally pinned to one of three rotationally
equivalent crystallographic directions and crystallographic strain has been proposed to be the origin of this
pinning. We carried out multimodal synchrotron diffraction and resistivity measurements down to ~0.68 K and
in magnetic fields up to 45 kG on a single crystal of Sr,Bi,Se; to probe the effect of superconductivity on the
crystallographic distortion. Our results indicate that there is no in-plane crystallographic distortion at the level of
1 x 1073 associated with the superconducting transition. These results further support the model that the large
twofold in-plane anisotropy of superconducting properties of Sr,Bi,Ses is not structural in origin, but electronic,
namely, it is caused by a nematic superconducting order parameter of E, symmetry.
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I. INTRODUCTION

Following the discovery of topological insulators [1-5],
with an insulating gap in the bulk and a gapless conductive
surface state, it was quickly realized [6—14] that the supercon-
ducting version, the topological superconductor, could exist.
A topological superconductor can have a nodeless or nodal
superconducting gap in the bulk, [15], while simultaneously
possessing gapless surface states. These surface states may
support quasiparticle excitations which are Majorana zero
modes whose non-Abelian nature could be used to create a
robust quantum computer [16—18]. Two methods have been
used to generate topological superconductivity: (1) via the
proximity effect [19-23] by deposition of a conventional
s-wave superconductor onto a topological insulator surface
and (2) via doping a topological insulator [24-28] to evoke
bulk superconductivity. The former approach has shown great
promise, but definitive Majorana detection remains controver-
sial [29,30]. The latter method has revealed some unexpected
electronic behavior.

Doping with either Cu, Nb, or Sr [25,31,32] induces super-
conductivity in the well-known topological insulator Bi,Ses
[5], while preserving its topological order [33]; doping with
Fe has also recently been reported to generate superconduc-
tivity [34]. The first observation of superconductivity was
reported in Cu,BiySes [25] with a T, of ~3.4K and a full
superconducting gap [35]. However, this material is not air
stable and reported superconducting volume fractions in sin-
gle crystals are typically low [25,36-38]. Nb,Bi,Ses has a
similar 7. ~ 3.4 K, albeit the synthesis of this material re-
mains challenging [39—-44]. In particular, an unresolved issue
for Cu and Nb doping is the determination of the exact
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location of the dopant ions in the superconductor. Recent
reports [43,45-49] yield conflicting results as to whether
the dopant ions are intercalated in the van der Waals gap,
are incorporated in other locations in the lattice, or undergo
clustering [50]. Quantum oscillation measurements on Nb-
doped Bi,Ses [51] indicate multiple Fermi surface sheets, and
penetration depth [52,53] and scanning tunneling microscopy
(STM) measurements [50] find a nodal superconducting gap
structure. Sr doping [32], on the other hand, generates su-
perconductivity at 7. ~ 3.0K, and millimeter-scale stable
crystals can be grown with nearly 100% superconducting vol-
ume fraction [54,55]. STM measurements [56] suggest a full
superconducting gap. In the Cu- and Sr-doped compounds,
quantum oscillations and angle-resolved photoemission spec-
troscopy (ARPES) measurements [32,57-60] show only one
cylindrical Fermi surface sheet, and for Cu,Bi,Ses, the Fermi
surface is found to undergo a Lifshitz transition from closed
ellipsoidal to an open warped cylindrical Fermi surface
[59,61] upon sufficient doping to elicit superconductivity.

All three compounds with Cu, Nb, and Sr doping share the
same R3m trigonal structure of the parent compound Bi,Se;.
Therefore, the observation of a pronounced twofold in-plane
asymmetry of the superconducting state is unexpected [62].
First observed in Knight shift measurements on Cu,Bi,Se;
[63], this behavior was interpreted as signature of odd-parity
superconductivity [64]. Subsequently, a pronounced twofold
basal plane symmetry was observed in magnetoresistivity,
calorimetry, torque magnetometry, and upper critical field
measurements [62,65—69] in the superconducting state of
the three Bi;Ses-derived compounds Cu,Bi,Ses, Nb,Bi,Ses,
and Sr,Bi;Se; despite their threefold symmetric crystal
structure. STM measurements [70] directly show a twofold
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symmetric superconducting gap in Cu,Bi,Ses. A pseudospin
triplet, nematic superconducting state with a two-component
order parameter has been proposed [64,71] to account for the
observed twofold symmetry below T.. This state is odd parity
and has E, symmetry and allows for the possibility of an
anisotropic full gap as well as a nodal gap. Either gap structure
qualifies as topological [15], and the observation of zero-bias
conductivity peaks in spectroscopy measurements [72—74]
has been interpreted as a signature of Majorana states on the
surface. While the uncertainties regarding the microstructure
of doped superconducting Bi,Ses;-derived materials men-
tioned above pose challenges in clarifying the nature of the
superconducting state, the observation of the twofold super-
conducting anisotropy in the field-angle-dependent specific
heat of Sry1Bi,Se; [68] shows that it is a bulk phenomenon,
not caused by interfaces or minority phases. This rotational
symmetry-breaking state and its observed insensitivity to
disorder [53,75-77] would identify the doped Bi,Se; super-
conductors as a new type of unconventional superconductor,
as both the gap amplitude and phase are lower symmetry than
that of the lattice.

Theoretical models predict that the nematic director is
aligned with either the a or the a* direction in the crystal.
As each has three rotationally equivalent directions due to
the threefold symmetry in the R3m structure, the appearance
of three equivalent nematic domains is expected to preserve
the overall symmetry of the R3m structure. However, the
majority of experimental reports show a single nematic axis
accompanied by a pronounced twofold in-plane anisotropy.
We have previously observed the nematic axis to be pinned
to one particular in-plane a axis. For a given crystal, this
axis does not change upon repeated thermal cycling to room
temperature. A nematic axis along the a axis is consistent
with the proposed nodal A4, state. However, other groups
have reported [78,79] crystals with a¢* pinning, consistent
with the proposed anisotropic but fully gapped A4, state.
One report presents angular-dependent magnetotransport data
on a uniaxially strained single crystal [80] which revealed a
redistribution of the three rotationally equivalent nematic axis
configurations with strain. Theoretical models [71,81,82] pre-
dict that the superconducting order parameter couples linearly
to strain fields, thereby providing a mechanism for the selec-
tion of a nematic axis through residual strains, for instance.

Alternatively, a structural transition into a twofold sym-
metric state would naturally explain the observed supercon-
ducting anisotropy. No transitions aside from superconduc-
tivity have been reported in magnetotransport, calorimetry
[62,66,68,83], or recent neutron diffraction measurements
on Cu,Bi;Se; [45]. Room-temperature synchrotron x-ray
diffraction measurements in reflection geometry to high L
values along the ¢* axis [83] show no distortions from the R3m
structure. However, Kuntsevich et al. [84,85] report a 0.02%
monoclinic distortion in the (2 0 5) and (1 1 15) peaks at room
temperature in single-crystal Sr,BiySes;. Additionally, Cho
et al. [86] report distortion of the lattice along one in-plane
direction just above T, via dilatometry measurements, sug-
gesting that the structural distortion could be masked in other
bulk probes by the superconducting transition. While it is
unlikely that the small reported distortion (A£/€ ~ 1077)
could account for the large in-plane superconducting

anisotropy of ' ~ 3 — 4 at T = 0[66,83], it may nevertheless
pin the nematic axis. Recent theoretical work, though, sug-
gests that any “vestigial” order above 7, may be coincidental
or due to broadened superconducting transitions [87].

Here, we present simultaneous resistivity and XRD mea-
surements on a SrpBi;Se; crystal. By monitoring the
sample’s resistance, we measure the superconducting transi-
tion as a function of temperature and apply magnetic field
while recording the in-plane Bragg reflections. Our results in-
dicate the absence of any in-plane crystallographic distortion
at the level of 1 x 107> associated with the superconducting
transition. These results further support the model that the
large twofold in-plane anisotropy of superconducting prop-
erties of Sr,Bi,Ses is not structural in origin, but electronic.
Namely, it is caused by a nematic superconducting order
parameter of E, symmetry. Our multimodal measurement
technique combining simultaneous subkelvin magnetotrans-
port and diffraction measurements on a single crystal at a
synchrotron beam line serves as a proof-of-concept exper-
iment which may open new avenues for materials science
research.

II. EXPERIMENTAL METHODS

A relatively large ~2 (I) x 0.65 (w) x 0.0125 (h) cm
rectangular platelike single crystal was cleaved from a bulk
crystal, grown via the melt-growth technique [79]. The crys-
tal was prescreened for superconductivity in a custom-built
superconducting quantum interference device (SQUID) mag-
netometer with a small conventional magnet. Gold electrical
contact strips were evaporated onto the long face of the crys-
tal, and 50-um gold wires were then attached to the strips
using silver epoxy in a conventional four-point measurement
configuration, with a current flow of 0.1 mA in the a-a*
plane. An AMI 90/10/10 kG superconducting three-axis vec-
tor magnet with a standard *He variable temperature insert
was used for magnetotransport measurements before and after
the synchrotron characterization. The vector magnet allowed
for the magnetic field to be swept in the a-a* plane in the
crystal without having to physically rotate the sample. For the
synchrotron measurements, the sample was mounted at one
end onto a sapphire wafer with silver epoxy, while the other
end extended beyond the sapphire substrate, thereby enabling
unobstructed x-ray transmission (see Fig. 1). The sapphire
wafer, in turn, was glued with GE 7031 varnish onto the cold
stage of the cryostat. With the help of Laue pictures [Fig. 1(b),
inset], the sample was aligned such that the a axis was ori-
ented parallel to the cryostat axis. X-ray measurements were
performed at the 6-ID-C beam line at the Advanced Photon
Source at Argonne National Laboratory with a beam energy of
19.9 keV, sufficiently high to ensure reasonable transmission.
Beam slits were positioned such that an illuminated area of
approximately 300 x 300 um was located between the two
voltage contacts, as indicated in Fig. 1(b). Transport measure-
ments were performed in sifu in the x-ray beam in magnetic
fields of up to 45 kG generated by a split-coil superconducting
magnet affording wide horizontal optical access. The trans-
port wires were anchored at multiple places on the probe and
cold-head to minimize heat loading from room temperature to
the *He pot. Currents of 0.1 mA were used in all transport
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FIG. 1. Single crystal of Sr(;Bi,Ses, wired for transport mea-
surements and mounted on a sapphire wafer on the cold stage of a
3He cryostat suitable for transmission x-ray diffraction (XRD). The
sample is oriented such that the a axis of the crystal is parallel to
the long axis of the probe (and thus parallel to the applied magnetic
field). The inset in (b) shows a Laue pattern of the single crystal of
Sry.1Bi,Ses, used for orienting the sample. The red-shaded area near
a voltage contact marks the beam spot.

measurements on the *He cold finger, and a ramp rate of
0.1 K/min was used at low temperature to measure all R(T)
curves. With the sample mounted as shown in Fig. 1, the *He
cold finger thermometer attached to the *He pot reached a base
temperature of 0.68 K with a hold time of approximately 30
minutes, sufficiently long to record x-ray scans.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the temperature dependence of the re-
sistance of the SrpBiySes crystal as measured in the AMI
vector magnet in zero field. We find a residual resistivity ratio
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FIG. 3. R(9) with H = 10 kG swept in the a-a* plane for the
same crystal showing the twofold axis of symmetry, with the high-
H,, direction pinned to the a axis (90°). Temperatures start at 1.8 K
(innermost, red) and increase in 0.1 K steps until the normal state
isotropic behavior is recovered above 7, (outermost, black).

of about 1.45, and a sharp superconducting transition with an
onset at approximately 3.0 K and a transition width AT, <
0.2 K, typical for Srp;BiySe; crystals. Figure 2(b) shows the
field dependence of the resistance of the crystal at 2.1 K
with H || @ as measured in the *He cold finger cryostat at the
synchrotron in no beam; in 45 kG, the sample is fully in the
normal state.

The resistance of the Sry;Bi,Se; crystal as a function
of in-plane angle in an applied magnetic field of 10 kG
in the AMI vector magnet cryostat is shown in Fig. 3 for

R(MQ)

Field (kG)

FIG. 2. (a) Resistance vs temperature of the single crystal of SryBi,Se; selected for synchrotron measurements in zero applied field as
measured in a conventional “He exchange gas cryostat. The inset shows the transition on expanded scales; T, o & 3.0 K. (b) Resistance at
2.1 K as a function of magnetic field applied along the a axis of the crystal, obtained at the synchrotron cryostat with the x-ray beam off. At
2.1 K, a maximum field of 45 kG is enough to drive the sample into the normal state.
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FIG. 4. Resistance vs temperature of the Srg;Bi;Se; crystal in
situ on the synchrotron stage demonstrating beam-induced heating.
With the full beam (10'! y /sec), the transition is only lowered by
~300 mK.

temperatures from 1.8 K (red) to above 7. (black), in
0.1 K steps. The angular dependence of the resistance
shows the characteristic twofold anisotropy of the upper
critical field H,, observed in the nematic superconduct-
ing state. Directions with lower H, will be resistive,
whereas directions with higher H., remain superconduct-
ing; as temperature increases, the anisotropy lifts. Laue
x-ray measurements [inset of Fig. 1(b)] on the same crys-
tal confirm that the high-H, direction (marked as 90°
in Fig. 3) is a crystallographic a axis, consistent with
all previous measurements on crystals of Sr,BiySe; by
our group.

A persisting challenge in low-temperature XRD measure-
ments is assessing the “true” sample temperature which,
due to beam-induced heating, may be significantly higher than
the thermometer reading [88]. In our multimodal setup, we use
the temperature dependence of the resistance and the location
of the superconducting transition as an indication of the actual
sample temperature. Figure 4 shows in situ resistance vs tem-
perature measurements under different levels of beam load.
With a full beam of approximately 10! y /sec, the transition
is suppressed by only ~300 mK; different beam attenuation
levels were seen to shift the superconducting transition tem-
perature between these two extrema. This suggests that around
2 K, beam-induced heating raises the sample temperature by,
at most, 0.30 K above the thermometry reading.

However, as the beam footprint is considerably smaller
than the sample area [see Fig. 1(b)], colder, that is, super-
conducting, sections in the sample might effectively short
out a resistance measurement in the presence of a substantial
temperature increase in the beam spot. In order to address this
potential issue, we have performed large-scale simulations
of the temperature distribution in our sample by solving the
heat diffusion equation until a steady state is reached. To
this end, the sample is discretized in a 5-ym-size mesh in all
three directions (i.e., 512 x 268 x 25 grid point total). On one

end of the sample, an additional small 50 um piece of silver
epoxy is included in the simulation as it attaches to both the
sapphire substrate and an electrode. All four electrodes and
the sapphire crystal are taken into account as thermal baths
(heat sinks) using the related heat conductivities of the contact
materials. The beam spot is added as a volumetric heat source.
Overall, the geometry of the sample and all heat sources and
sinks are faithfully reproduced in the simulation. As there are
no measurements of the low-temperature thermal conductivity
of Srg1Bi,Ses, we refer to related materials Cu,Bi>Se; and
Bi,Se; for which values of k ~ 1 —2W/(Kxm) [89] and
K ~ 15 W/(K*m) [90], respectively, have been reported. In
our simulations, we adopt values of k ~ 1 to 2 W/(K*m) and
neglect the increase of « with increasing temperature. The
linear absorption coefficient of Sry ;Bi,Se; for x rays with an
energy of 20 keV is ~500 cm~! [91], yielding an essentially
uniformly absorbed power density of ~1 W/cm? in a sample
of 125 um thickness. This value is an upper limit as we do
not account for energy removal due to fluorescent x rays and
photoelectrons.

We construct an approximate thermal model of our sample
assembly [see Fig. 5(a)] which is based on the experimental
layout shown in Fig. 1(b). Heat removal from the sample is
established via the metallic contacts through the silver epoxy,
gold, and copper wires, as well as via the silver epoxy glu-
ing of the sample to the sapphire substrate. As the thermal
interface resistances are largely unknown, we explore a range
of thermal resistances connecting the sample to the bath tem-
perature subject to the constraint that under beam load, the
coldest path between the voltage contacts has a temperature
of approximately 0.3 K above bath. Examples of the resulting
temperature distributions across and along the sample are
shown in Figs. 5(b) and 5(c), defining the x axis as the long
side and the y axis as the short side of the crystal. While the
temperature distribution is found to be inhomogeneous, in all
cases the enhancement of the temperature in the beam spot is
limited to, at most, 0.1 K above the remaining sample—across
the sample in the y direction, the temperature variation is even
less than 0.05 K. Qualitatively, the rather small overheating
effects can be accounted for by (a) the reasonably high in-
plane thermal conductivity of Bi,Ses-materials (on par with
brass or aluminum alloys) and (b) the placement of the heat
sinks right next to the beam spot and at the far ends of
the sample, reducing temperature gradients across the width
of the sample. We therefore surmise that the resistivity data
shown in Figs. 2(b) and 4 indicate that the sample is in the
superconducting state under beam spot.

A monoclinic distortion, as reported by Kuntsevich et al.
[84,85], should manifest itself as a splitting and/or shift of
high-symmetry peaks as the three rotationally symmetric a
directions in the nominal R3m trigonal structure would no
longer be equivalent. Here, we report results on the (300)
reflection. Figure 6 shows H-scans in a narrow window cen-
tered around H = 3 recorded at the base temperature of the
system (0.68 K, black) and above T (5.3 K, green). There
is no discernible difference between the two scans, strongly
suggesting that there is no crystallographic transition at or
close to T., which could be masked by the superconduct-
ing signal in measurement techniques such as magnetization,
magnetotransport, and calorimetry. Our results are also
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FIG. 5. (a) Steady-state temperature distribution of the SBS sam-
ple. The four electrode gold wires are indicated as C;—Cy, and the
sapphire substrate in green. These are modeled as heat sinks using
the thermal conductivities of the contact materials. On the left, a
50 um epoxy region attached to the SBS is also simulated (indicated
as shaded-green area). The 300 x 300 um beam area is outlined in
green. The temperature distribution in (a) is obtained for a heat
conductivity for the SBS of x = 1 W/K*m. (b), (c) The temperature
distribution along yellow lines indicating various cuts across the
sample (b [beam], c [center], o [opposite]) shown in (a) in the x and
y directions, respectively. (b) Temperature profiles in the x direction
along cut lines b and o are solid and dashed, respectively, with
blue indicating x = 2 W/K*m and green indicating « = 1 W/K*m.
(c) Temperature profiles in the y direction along cut lines b and c are
solid and dashed, respectively, with blue indicating x =2 W/K*m
and green indicating x = 1 W/K*m. In each panel, gray shading
indicates the beam area, and dashed vertical black lines indicate
electrodes, as marked. Maximum temperatures and bath temperature
are indicated by horizontal dashes lines with their kelvin values.

inconsistent with any monoclinic distortion away from the
nominal threefold symmetric R3m structure.

In addition to varying the sample temperature, the appli-
cation of a magnetic field allows driving the sample into the
normal state while holding the temperature constant. With our
sample geometry (Fig. 1), the field was applied along the
crystallographic a axis, which is the axis of high H,. The
sample was kept at 7 = 2.1 K, while the field was ramped
from O to 45 kG. The field was ramped slowly to avoid
eddy current heating, and no significant sample stage heater
output variations were observed during ramping, suggesting
that any field-induced heating or variations in thermometry
were negligible. Figure 2(b) shows the field dependence of
the sample at 2.1 K with the beam off. The onset of resistance
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FIG. 6. The (300) peak in the R3m structure deep in the su-
perconducting state (0.69 K, black) and above 7, (5.3 K, green).
There is no discernible difference, suggesting no symmetry-breaking
distortion of the lattice.

occurs around 6 kG, which is consistent with values at 2.1 K
for similar crystals. These data demonstrate that the applied
magnetic field is able to drive the sample normal while on the
cold finger of the beam-line cryostat.

A narrow window in H around the (300) diffraction peak
was then scanned at a fixed temperature of 2.1 K in increasing
fields from O to 40 kG [Fig. 7(a)]. This field range guarantees
that the peak is measured on either side of and across the
superconducting transition. A Pearson VII fit [92],

2L (m)v/2m — 1

YA = 1w

—m __

1 ) -
X 1+4*—2(x—xc) ,
w

was used on each dataset. The panels of Fig. 7(b) show
the evolution of the central value of the peak x. (top), the
width parameter w (middle), and the exponent m (bottom);
for each, there is essentially no shift as the sample exits the
superconducting state. This suggests that there is no crystallo-
graphic shift or distortion associated with the superconducting
transition. The uncertainties of the fit parameters x., w, and m
are 4 x 107, 6 x 1075, and 7 x 1072, respectively, slightly
increasing with increasing applied field. Importantly, the ob-
served variations are random. In particular, there is no uniform
trend, for instance towards increased x, or w with increasing
magnetic field. We therefore conclude that the data shown in
Figs. 7(a) and 7(b) indicate that there is no in-plane crystallo-
graphic distortion at the level of 1 x 1073 associated with the
superconducting transition. These results further support the
model that the large twofold in-plane anisotropy of supercon-
ducting properties of Sr,Bi,Srj is electronic in origin, namely,
caused by the nematic superconducting order parameter of E,
symmetry.
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FIG. 7. (a) The (300) peak in the R3m structure at 2.1 K as a function of applied field. As the field increases, the sample exits the
superconducting state, but no change in the (300) peak is observed. (b) Pearson-VII fit parameters x,. (top), w (middle), m (bottom) as a

function of field.

IV. CONCLUSION

Our experiments demonstrate the viability of subkelvin
synchrotron diffraction measurements. We estimate that the
sample reached a temperature under 1 K with a full beam of
approximately 10'! y /sec at an energy of 19.9 keV, and a base
temperature of approximately 0.68 K with no beam. By mon-
itoring the resistance, we demonstrated that the Srg Bi,Ses
sample remains superconducting in-beam, verifying that our
base temperature diffraction measurements were performed
deep in the superconducting state. Numerical solutions of the
heat diffusion equation show that while there is an inhomo-
geneous temperature distribution due to beam heating, the
entire sample transitions into the superconducting state. We
saw no difference between the high-symmetry (300) peaks at
the base temperature of ~0.257, and at ~1.57,, and we saw
no change in the (300) peak as the sample was driven into
the normal state with an applied magnetic field. Our results
indicate that there is no in-plane crystallographic distortion of
the average lattice structure at the level of 1 x 107> associated
with the superconducting transition. While our XRD measure-
ments do not reach the resolution of 10~ reported in recent

low-temperature dilatometry experiments [86], our results fur-
ther support the model in which the large twofold in-plane
anisotropy of the superconducting properties of Sr,Bi,Srj is
not structural in origin but electronic, namely, it is caused by
a nematic superconducting order parameter of E, symmetry.
The multimodal measurement capability has proven essential
for quantifying beam-induced sample heating which, in the
present case, amounted to about 0.30 K.
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