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Abstract
An archetypical layered topological insulator Bi2Se3 becomes superconductive upon dopingwith Sr,
Nb orCu. Superconducting properties of thesematerials in the presence of in-planemagnetic field
demonstrate spontaneous symmetry breaking: 180◦-rotation symmetry of superconductivity versus
120◦-rotation symmetry of the crystal. Such behavior brilliantly confirms nematic topological
superconductivity. Towhat extent this nematicity is due to superconducting pairing in thesematerials,
rather than due to crystal structure distortions? This question remains unanswered, because so far no
visible deviations from the 3-fold crystal symmetrywere resolved in thesematerials. To address this
questionwe growhigh quality single crystals of SrxBi2Se3, performdetailed x-ray diffraction and
magnetotransport studies and reveal that the observed superconducting nematicity direction
correlates with the direction of small structural distortions in these samples (∼0.02% elongation in
one crystallographic direction). Additional anisotropy comes fromorientation of the crystallite axes.
2-fold symmetry ofmagnetoresistance observed in themost uniform crystals well above the critical
temperature demonstrates that these structural distortions are nevertheless strong enough.Our data
in combinationwith strong sample-to-sample variation of the superconductive anisotropy parameter
are indicative for significance of the structural factor in the apparent nematic superconductivity in
SrxBi2Se3.

Introduction

Themost studied topological insulatormaterial, Bi2Se3, becomes superconductive being dopedwith Sr,Nb or
Cu, withTc around 3 K andHc2 about a fewTesla [1–19]. Nature of this superconductivity (topological or not) is
in the focus of discussion during the last few years. On the theoretical site, strong spin–orbit interaction in the
parent compoundmay favor triplet topological superconductivity [20], moreover this superconductivity is
expected to be insensitive to disorder [21], inherent to layered chalcogenides. Afingerprint of topological
superconductivity would beMajorana fermion, showing itself up as a zero-bias feature in I–V-characteristic.
First soft-contactmeasurements in superconducting CuxBi2Se3 [22] have shown a promising zero-bias peak.
However, later tunnel spectroscopymeasurements [1] have clearly shown an s-wave pairingwithout any in-gap
states. Recently this superconductivity (SC)was found to be nematic, i.e. superconducting properties depend
strongly on the in-plane orientation of themagnetic field [2–9]. Criticalmagnetic fields,magnetization,
resistivity, specific heat, andKnight shift have 180◦ in-plane rotation symmetry, contrary to the trigonal (120◦)
crystal symmetry. An explanation for such nematicity was again suggestedwithin the topological
superconductivitymodel with two component order parameter [23, 24], andmost of the data brilliantly confirm
this theoretical approach. Very recently nematicity of superconducting properties (distortion of Abrikosov
vortices) in combinationwith the zero bias peak at the vortex cores were directly visualized usingmore thorough
scanning tunneling spectroscopy [7].
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Nematicity of both thermodynamic and transport properties in thesematerials was found to be linked to
crystallographical directions [2–7]. Apparently, real crystals never growwith perfect 3-fold symmetry, there
should be some structural distortion. If this distortion is tiny, it will not affect the transport aboveTc andwill not
couple to superconductingHamiltonian just driving the orientation of the superconducting nematicity. In case
of stronger deviations fromperfect ¯R3m symmetry, both superconductivty and transport properties aboveTc
will inherit this asymmetry. In the limit of strong distortion, the nematicity is predominantly determined by it.
In general, there is a question towhat extent the nematicty is intrinsic(i.e. due to superconducting pairing
mechanism) or emergent (i.e. driven by this structural distortion).

It should be noted that studies of the structural imperfections require samples with the highest crystalline
quality. In a number of papers [4–6, 10, 11, 13, 14, 18] SrxBi2Se3 crystals were preparedwith an ordinarymelt-
growth techniquewithout a certain growth direction. A few experiments used samplesmade by Bridgman
method [19]. Inmost of the present experimental papers only powder x-ray diffraction (XRD) [10, 14] and Laue
[4, 5, 7]patterns are presented. Absence of high resolution single crystal XRDdata is an indirect indicator that
the crystal quality was not ultimately optimized. Indeed, CuxBi2Se3 systematically demonstrates rather low
superconducting fraction [2, 22]. First SrxBi2Se3 [14] andNbxBi2Se3 [16] demonstrated admixture of the second
phases. The block structure of the grown crystals was almost not discussed at all. Only recently, XRD-data
supported high enough structural quality SrxBi2Se3 [6] andNbxBi2Se3 [8, 12] crystals were reportedwith∼100%
shielding fraction.

To achieve high crystallinity we grew SrxBi2Se3 using a Bridgmanmethodwith post growth annealing, which
is expected to produce single crystals consisting of blocks all aligned along the growth direction. The obtained
crystals were thoroughly studiedwith XRDandmagnetotransport both below and aboveTc.We do find that
magnetoresistance well aboveTc has the same two-fold in-plane asymmetry as superconductivity does, in
agreementwith slight triclinic distortion of the lattice found inXRD studies.More interestingly, in samples big
enough(containingmore than one block)we reveal that the structural anisotropy is also a consequence of the
block alignment. Our results give arguments in favor of strong coupling between structural distortion and
superconductivity, thus raising a question towhat extent the nature of nematicity is topological.

Results

Samples
A series of SrxBi2Se3 samples with nominal Sr content of x=0.10, 0.15 and 0.20were prepared usingmodified
Bridgmanmethod [25]. High purity elemental Bi, Se (99.999%) and Sr (99.95%) in the desiredmolar ratio were
loaded in quartz ampoules inside inert atmosphere glove box. Sealed evacuated tubes were heated at 850°C for
24 hwith periodic stirring followed by a slow cooling to 620 °Cat a rate of∼2 °Cper hour. The samples were
then annealed at 620 °C for 48 h andwater quenched. The crystals obtained by thismethod had amirrorlike
surface andwere readily cleaved along the basal plane. Their structurewas characterized by single crystal XRD
(Panalytical XPert ProMRDExtended). High-resolutionXRD studies gave reproducible results, since theywere
performed in air-conditioned roomat 22.5±0.5 °C and could not be affected by temperature drifts.

Studies of the crystals grown startedwith the XRD selection of the proper samples. SrxBi2Se3 single crystals
obtained, as ourXRD-studies show, always consisted of blocks (crystallites)with lateral dimensions
0.05–0.5 mm (evaluated from typical number of peaks at the rocking curves). The blocks had the same structure,
slight variation of the c-axis lattice parameter andmisorientation smaller than 1°with respect to each other. For
further transportmeasurement and detailed structural investigations we cleaved small pieces of crystals
containing only one or a few blocks. The lateral dimensions of these sampleswere in the range 0.6–3 mmand
thickness was in the range 50–150 μm.

All crystals, selected for transportmeasurements, had a dominating block and all subsequent detailed studies
of the structural distortions (2θ/ω scanning)were performed on this dominating blockwithin the cleaved
sample.Moreover, we expect that it is a dominating block that governs transport properties.

We should note here, that (i)block structure is the intrinsic property of thesematerials (see appendix A), (ii)
our crystals are of the highest quality(see appendix C), and (iii)the observation of the discovered effects become
possible only due this high quality and a feedback betweenXRD and transportmeasurements.

Transportmeasurements
For transport studies single crystals (4-wire resistance 10–100 mOhm)weremounted on the holders and the
contact wires (diameter 0.02mm)were gluedwith either silver or graphite paint (size of the paint dropwas about
0.1 mmand resistancewas about 20–100 Ohmper contact).We aligned the basal plane and plane of rotation by
eyewith precision∼3° parallel to each other.Magnetotransportmeasurements were performedwith four-
terminal scheme using lock-in detection at frequencies 13–190 Hz andmeasurement currents up to 500μA.We
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have checked thatmeasurement current did not overheat the samples (i.e. did not shift the SC transition
temperature).We usedCryogenics 21T/0.3 K, dryCFMS 16T, andQuantumDesign PPMS 9T systems
equippedwith platforms, that allowed to rotate the samples in situ to∼360°.Magnetic field sweepswere
performed frompositive to negative direction andmagnetoresistance was obtained by symmetrization of the
data. Formeasurements of the in-plane angular dependence ofmagnetoresistance (AMR), similarly to the
previous investigators [2–6, 8, 9], we applied constantmagnetic field atfixed temperature and rotated the
sample. To ensure that theAMRpatterns are not affected by temperature drift, the temperaturewas stabilized
with better than 0.1 Kprecision. To exclude inevitable admixture of theHall effect we subtracted the lowest
harmonic j j+( ) ( )A Bcos sin from theAMR. The arguments why such subtraction is needed are summarized
in the appendixD.

None of the studied crystals demonstrated perfect uniformity of superconducting properties, i.e. anisotropic
magnetoresistance (AMR) depends on choice of potential probes and usually deviated from an ideal 8-like
shape. For the single-block samples the highest uniformity is expected. Figure 1(a) showsAMR for sample
Sr0.1Bi2Se3#306-2 (1×1×0.05 mm) for two currentflowdirections, indicated in panel 1(c) by arrows. One
can see that the nematicity is almost insensitive to the currentflowdirection. This observation is in-linewith
previousmagnetotransport studies [5]where current flowwas perpendicular to basal plane aswell as with
thermodynamic studies (specific heat [3] andmagnetometry [9]), and it was also recently confirmed in [6].
Interestingly, in all our samples, strongest SC direction (whereHc2 ismaximal) either roughly coincides or is
perpendicular to crystallographical axis in the basal plane, indicated by arrows infigures 1, 2, 4. Exactly the same
alignment was observed earlier in [5]. Thus, we have systematically reproduced all previous results [4–6] of
anisotropic in-planemagnetotransport in our small samples. The superconducting properties, including the
two-fold axis direction, are stable i.e. do not change after twomonths exposure at ambient conditions and
insensitive to thermal cycling.

AMR for large single crystal#306-2 (2×3×0.05mm), shown infigure 1(b), suggests the presence of
several SC domains. Indeed, for currentflowdirection from contact 7 to contact 4 (red curve), AMR is similar to
small samples, whereas for perpendicular currentflow (from1 to 4, black curve) besides themain SCdirection
(A), two other directions emerge (B andC). In the particular case of Sample#306-1, the angle between axes A, B
andC is 60◦. This observation clearly evidences for presence of domainswith various orientation of SC axis
located close to contacts 1, and 2. SC axis in these domains is aligned along different crystallographical directions
than in themain domain. Thus, we show for thefirst time themultidomain character of the single crystalline
superconducting SrxBi2Se3 samples.We believe that different SC domains correspond to different crystallites.
Evenmore dramatic example of SCmultidomain structure and block structure is discussied in appendix B. In-
planemanifold structure was also observed inNbxBi2Se3withmagnetizationmeasurements [9]. The structure
was unambiguously interpreted as fingerprint of intermixing between SC spontaneous symmetry breaking and
crystalline 3-fold symmetry. Our data pose a questionwhether this pattern is simply a consequence of
multidomain sample structure.

Absence of the structural indications of the three-fold symmetry breaking in previous works [2–6, 8, 9], and
guidance by theCurie principle that the symmetry should be lowered [26]motivated us to performdetailed
studies ofmagnetoresistance aboveTc. Apart fromprevious investigators [4–6]we (i)performedmeasurements
on the crystals with a dominating block (ii) extended the range ofmagnetic fields to 10 Tesla in order to expand
possible assymetries and (iii)monitored tiny features of themagnetoresistance.

Magnetoresistance ρ(B) in these system appeared to be non-monotonic and quite complex (see figures 2(e),
(f)). In particular, in the lowmagnetic field regime, a negativemagnetoresistance (NMR) emerges, that is non-

Figure 1.Anisotropy of superconductivity. (a)AnisotropicmagnetoresistanceR7456 (red line) andR1423 (black line) in small
Sr0.1Bi2Se3#306-1 sample atT=2.3 K and in-plane fieldB=0.8T. (b) Same for big Sr0.1Bi2Se3#306-2 sample at in-planefield
B=0.4T. Inbound arrows indicate the directions A, B, andCofminima inmagnetoresistance due to superconductivity in various
crystallites. Outbound arrows indicate crystallographic directions. (c) Schematics of the sample. (d)Photo of the sample Sr0.1Bi2Se3
#306-2with enumerated contacts.
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trivial formetallic system. Thismagnetoresistance is discussed in appendix E. Inmost of our samples we
managed tofind apparent 2-fold symmetries. Figure 2(a) shows an angular dependence of the SC suppression
(black curve) atT=2.3 K andmagnetoresistance (red curve) of the same sample atT=5 KB=10 T. The
direction of the strongest SC for this sample coincides with the direction ofmaximalmagnetoresistance andwith
one of the in-plane crystalline directions. For the in-plane 3-fold symmetric system, currentflowdirection
should generate asymmetry in the system and if it was the only case,magnetoresistance would depend on angle
between current flow andmagnetic field.However, experimentally applying current flow in perpendicular
direction does not rotate AMR, but rather changes it in complexmanner: j· ( )A cos 2 component becomes
suppressed. Such a change is an indicator of the crystalline anisotropy, and it was observed systematically in
various samples.Moreover, as we rotate current flowdirection out of the optimal path, thefirst harmonic
( jµ ( )cos ), responsible for theHall effect due to deviation of the currentflow from the parallel planes,
significantly increases. This fact indirectly indicates that transport current bypasses some obstacles and flows in
z-direction.

While in some of our samples (figures 2(a), (b)) direction ofmaximalmagnetoresistance coincides with
direction ofminimalHc2, in the others they are roughly perpendicular (figures 2(c), (d)). This is not unusual,
because the observation, that in SrxBi2Se3 a certain crystallographic axis can be either parallel or perpendicular to
the nematicity directionwas already reported in [5].

Comparing the single domain (figure 2(a)) andmultidomain (figure 2(b)), pieces of the same#306 crystal,
wefind that themagnitude of themagnetoresistance in the single domain sample is larger than in themultiblock
one. Itmeans that anisotropy inmagnetoresistance aboveTc is governed by structural distortion, rather than by
grain boundaries. Inmultidomain sample#306-2 admixtures of domainswith different orientations
(demonstrated by figure 1(b)) apparently weakens themagnetoresistance. This fact is a strong indication that the
same structural distortion governs the nematicmagnetoresistance in both SC andnormal state.

Figure 2. (a–d)Anisotropy of superconductivity (red) versus anisotropy of normalmagnetoresistance (black) (R−R0)/R0 for various
samples. Sample number,magnetic field, temperatures and the scale of the effect are indicated in the panels. The outbound arrows
indicate the in-plane crystallographic directions and the shortest (longest) arrow shows schematically the direction of lattice
(compression)elongation, determined fromXRD studies. (e), (f) Field dependence of themagnetoresistance at different temperatures
for directions ofmaximumHc2 andminimumHc2 accordingly for sample 306-2. Current flowdirection corresponds to the direction
ofmaximumHc2. The temperatures are indicated in the panels.
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The anisotropicmagnetoresistance in the normal state slowlyweakenswith temperature (figures 2(e), (f)),
and preserves its 2-fold symmetry up to 200 K. In other words, the SC in-plane axis can be anticipated from
AMRnot only close toTc, as recently predicted in [27], but alsowell aboveTc, i.e, this effect is of structural
nature.

Structural studies: triclinic distortions
In themost of previous structural studies of doped SCBi2Se3 [4–7, 10] either Laue or the powder diffractionwas
used, that did not allow to resolvefine structural imperfections. It should be noted, that for our high-resolution
structuralmeasurements, high crystalline quality (large sizes of uniformblocks, absence of bending) is needed
and special precautionswere taken in order to avoid systematic shifts of reflectionmaximum. Before recording
each (2θ−ω) curve the sample was (i) rotated around theψ axis to achieve vertical position for the diffraction
plane and (ii) shifted along the goniometerX- andY- directions in order to achieve illumination of thewhole
sample by x-ray. The precision of the lattice parametermeasurements from the (2θ /ω) curves in our case was
limited by crystal quality andwas better than 0.000 1Å (see book [28] for reference onXRDmeasurement
techniques).We use reflection indices in the hexagonal lattice notationswith omitted triple index in the basal
plane, which is equal tominus sumof thefirst two indices. Due to non-ideal planar geometry of the samples, the
j rotation axis of the diffractometer sometimes is not exactly parallel to the crystallographic c-axis of the studied
block. So, despite tri-fold and 6-fold symmetry of the (205) and (1 1 15) reflections, respectively, the angular
distanceΔjbetween reflections of these familiesmight be not an exact integer of 120◦/60◦. Note, that due to
above described sample adjustment procedure thismisalignment does not affect high-precisson 2θ /ω angle
measurements, and, as a consequence, precise lattice constant determination.

Strong (0 0 n) symmetrical reflections, explored previously for SrxBi2Se3 by single crystal XRD in [10, 14], are
sensitive only to the lattice parameter value along the c-axis and do not allow to study in-plane lattice anisotropy.
In order tofind the lattice distortion in the basal plane, we used intensive (2 0 5) and (1 1 15) asymmetrical
reflections, resolved in grazing diffraction geometry (figure 3(a)), because the diffraction angle values for these
reflections are smaller than the inclination angles to the basal plane (q y=  = ( ) ( ) ( )26.75 , 72.62 ;B 20 5 2 0 5 0 0 1

q y=  = ( ) ( ) ( )33.27 , 42.7B 1 1 15 1 1 15 0 0 1 ).j-scanning curves of the (2 0 5) reflection apparently demonstrate
three-peak 120◦ rotation symmetry of the studied crystalline structure. This reflection is already sensitivemainly
to lattice parameter in the basal plane.

Figure 3.X-ray diffraction studies of the structural distortions in the sample#318-1. (a) Schematics of XRDmeasurement.
q w-( )2 -scanning curves with triple crystal-analyzer in the grazing diffraction geometry on the 3-fold reflection (2 0 5),ψ=72.6°

(b); and on the 6-fold reflection (1 1 15),ψ=42.7° (c) for variousj for Sr0.2Bi2Se3 sample#318-1. (d) In-plane one-axis elongation
structural distortion. Green points correspond to undoped Bi2Se3. Purple outer points correspond to expected Sr-induced lattice
expansion. Purple hexagon is a schematic representation of the lattice distortion corresponding toXRDpatterns frompanel (b). (e) c-
axis inclination structural distortion. (f) (2θ−ω)-scanning curves on the (2 0 5) reflection (similar to panel (c)) for bare Bi2Se3#272
sample demonstrating an order ofmagnitude smaller structural distortion than the Sr-doped crystals).
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In order to resolve the small structural distortion effects we used a detector with the triple crystal-analyzer
3×Ge(220) for high resolution (2θ−ω)-scanning curves for each of these 3-fold (2 0 5) and 6-fold (1 1 15)
peaks. It is evident thatwhen lattice distortions are absent, themaxima of (2 0 5) and (1 1 15) reflections in all
azimuthal positionsmust be unchanged.However, as we have systematically observed in all our samples, the
positions of these peaks change upon in-plane rotation. Figure 3(b) shows an example for themost anisotropic
sample Sr0.2Bi2Se3#318-1 (anisotropy factor =H H 8c c2

max
2

min ). Variation of the (2 0 5) reflection peak
position forj=114.7° andj=354.3° is about 0.02◦ in figure 3(b), and corresponds to 0.02% lattice
parameter elongation along a-axis, as shown schematically infigure 3(d).We observed either alongation
(samples#315,#318, and#308) or shortening (#306) of the lattice parameter along one of axis with respect to
the others. The arrows in figures 2(a)–(d) indicate the directions of the crystalline axes, and the shortest (or
longest, depending on a sample) is shownby length. In all cases the direction of the SC axis was either parallel or
perpendicular to in-plane direction of themaximal crystalline deformation, similarly to [5]. Concerning the
normal statemagnetoresistance, in#306 sample (the shortest axis, figures 2(a)–(b)) the two-fold
magnetoresistance below an aboveTc are perpendicular, while in samples#315 and#318 (the longest axis,
figures figures 2(c) and (d), respectively) they are parallel. This fact indicates correlation between tensile or
compressive structural distortion and nematicity of the electronic properties.

The same diffraction patterns as infigure 3(b)might be caused also by a small deviation of the c-axis from the
perpendicular to the basal plane (figure 3(e)). In order to evaluate the role of this second type of distortionwe
used the (1 1 15) reflection that nominally has six-fold rotational symmetry.Were the c-axis not inclined, the
positions of (1 1 15) and (−1−1 15) reflectionmaxima obtained after 180◦ rotation around thej-axis would be
the same.However, asfigure 3(b) shows, the positions of (1 1 15) reflection (j=145.8°) and (−1−1 15)
reflection (j = 323.5 ) differ by 0.01°. It corresponds to the 0.005° inclination of the c-axis towards elongated
a-axis. Inclinations towards the other axes in the basal plane for the same sample are negligible. Thus, XRD
clearly signifies reduced symmetry of the system. In all studied single crystals distortion of both types was
revealed. The parameters of the lattice distortion δa/ahave similar values in all studied crystals (see table 1).

To demonstrate that the discussed structural features originate fromSr intercalation, we show infigure 3(f)
for comparison 2θ/ω curves for a bare Bi2Se3, grown under the similar growth conditions (temperatures,
annealing and quenching regimes). The positions of the centers of two peaks coincide, the third peak slightly
deviates, that correspond to elongation in one direction about 0.002%, i.e. an order ofmagnitude smaller than in
Sr-doped crystals. This observation proves that the anisotropic unit cell distortion is driven by the presence of
the Sr atoms.

A puzzle is a scale ofHc2-anisotropy: how can 0.02% lattice deformation cause up to a factor of eight large
and sample dependentHc2 ratio? First, we should note that all XRDmeasurements in our paper aswell as in all
previous studies were performed at room temperature. Lowering the temperature suppresses the lattice
oscillationsmaking asymmetrymore pronounced. Low temperature XRD studies would be valuable. Another
possibility is that the discovered smallmodification of the unit cellmight be a consequence of stripe ordering of
Sr atoms.Observation of such superstructures by transmission electronmicroscopy (TEM) is hindered by high
reactivity andmobility of the Sr under the electronic beam [18]. Absence of correlations in Sr positions, seen by
STM [13]might be simply due to a small analyzed area.

Structural studies: block structure
Besides studies of the structural imperfections within onemain block, we examined the angular distribution of
the blockswithin the crystal, i.e. we studiedj-dependence of the rocking curve.We have chosen 6-fold

Table 1. Summary of superconducting nematicity and structural parameters,
observed by us and by the other investigators.

Sample x Tc(K) RRR H Hcmax cmin δa/a(10−4)

306 0.1 2.73 1.4 3 −1.93

308-1 0.15 2.75 1.5 6 8.5

315 0.2 2.70 1.7 4.5 2.65

317 0.15 2.6 1.4 4.8 2.1

318 0.2 2.55 1.5 8 2.17

[6] 0.1 2.92 ∼2 4.5 –

[4] 0.1 2.75 1.75 6

[4] 0.15 2.9 1.9 3

S1 [5, 13] – 2.78 *~1.5 2.69

S2 [5, 13] – 2.85 *~1.5 ∼2.84
S3 [5, 13] – 2.65 *~1.5 1.96
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reflection (1 1 15) to probe anisotropywith higher resolution onj (each 60°). Figure 4(a) shows that rocking
curvemeasured atj=40° has smaller width than the±60°neighbors ofj=40°. As broadening of rocking
curve is determined bymisalignment of the blocks in the corresponding direction, themost realistic
interpretation of these XRDdata is a block structure shown infigures 4(b) and (c). The direction of a-axis is the
same for all blocks (as the red curve is the narrowest). At the same time there ismuch spread of the c-axis
direction fromblock to block (figure 4(c)) that causes widening of the rocking curve forj=−20°.

Interestingly, the direction of blocks reasonably coincides with the direction ofmaximal elongation and
maximalHc2 in the same sample, as shown infigure 4. The blocks are evidently separated by some transition
regions (grain boundaries), indistinguishable byXRD. To obtain a complete picture of the grain/boundary
structure by real-space imaging of individual blocks additional studies by electron backscatter diffraction [29],
scanning x-ray nano-beamdiffractionmicroscopy [30] andTEMare needed.

Another indication of grain boundaries (suggested in [31]) is seen from themagnetotransport in
perpendicularmagneticfield. Figure 4(d) showsmagnetoresistance andHall resistance at 2 K for sample
Sr0.15Bi2Se3#308-3.HallmobilityμHall≈400 cm2 V–1 s–1 is straightforwardly obtained from theHall slope to
resistivity ratio. At the same time, Shubnikov-deHaasmobility is found from the field ofmagnetooscillations
onsetμSdH∼1/Bons≈1000 cm2 V–1 s–1. In single-component uniform systembothmobilities are governed
by the same scattering processes andμSdH/μHall is less than 2 [32].μSdH/μHall∼2.5 ratio, observed in our case,
as well as in [10, 15] implies that for some reason resistivity is too high. Indeed, if grain boundaries are
responsible for this high resistivity, whereas low-disorder crystallites provide intensivemagnetooscillations
starting from relatively lowfields, this highμSdH/μHall ratio is naturally explained.

Statistics of anisotropy

If the nematicity were an intrinsic property of the SC condensate, then the discovered distortionswould arrange
the orientation of the nematic SCorder parameter. In this case onewould expect the anisotropy parameter(the
ratio ofHc2 in themost and the less superconductive directions) to beweakly sample dependent, or correlated
with critical temperature. In the opposite limit, the superconductivity should have 2-fold anisotropy because it
couples strongly to the crystal 2-fold anisotropic structure.

Existence of structural anisotropy has already been indirectly indicated by extremely high, sample-
dependent and theoretically unexpected [24] in-plane superconductive anisotropy rates in SrxBi2Se3 [4–6] and
NbxBi2Se3 [8](in-plane H Hc c2

max
2

min ratio ranges from2 to 8).
Infigure 5we summarize theHc(T) data in both strongest andweakest superconductivity directions for all

our samples and data from the other papers on SrxBi2Se3.We observe no correlations between the anisotropy
parameter and the critical temperature.

More detailed comparison of various observed SCparameters ismade in table 1. Again, no correlation is
seen between anisotropy factor, nominal Sr content, residual resistance ratio (RRR) and structural distortion.

This fact indicates, that some fine structural arrangement of Sr atoms is responsible formanifestation of the
nematic superconductivity. This conclusion is in linewith recently reported strong correlations between crystal
growth technology and superconductive properties [18].

Figure 4.Evidences for anisotropic block structure of the crystals. (a)AMR in sample Sr0.15Bi2Se3#318-1 at =T K2.1 for various in-
planemagnetic field values. (b)Rocking curves at reflection (1 1 15) for variousj positions for sample Sr0.15Bi2Se3#318-1. (c)
Schematics of the block structure in the basal plane (left) and schematic side view of the same crystallities (right). Direction of a-axes in
various blocks is the same, while c-axis direction vary fromblock to block, according to the rocking curves. (d)Resistivity (right axis)
andHall resistivity (left axis) versusmagnetic field -c axis at 2 K in Sr0.15Bi2Se3#308-3 sample. The vertical arrow indicates an onset
of the Shubnikov-deHaas oscillations.
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Discussion

Structural anisotropy, discovered by us, absolutely does not contradict to the previous studies, even those
reflecting the absence of such anisotropy , becausewe usedmuch higher precision transport andXRDmethods
(see appendix C).

Anisotropic splitting of the sample into blocks naturally explains a complex character of theAMR aboveTc:
transport currentmight flow either along grain boundaries or across them, therefore AMRdepends not only on
current-to-field angle, but also on current-to-grain boundary angle. Non-monotonicity ofmagnetoresistance
(figures 2(c), (d))might reflect distinct conductivitymechanisms in the grains and across the grain boundaries.

What are the reasons for the observed structural anisotropy?OurXRD studies reveal that one of
crystallographical axes in the basal plane (let us call it a-axis) is typically co-alignedwith the ampoule axis, i.e.
with the vertical temperature gradient and, correspondingly, the growth direction. Itmeans that among all
nucleated crystallites survive only thosewith a-axis orientation along the temperature gradient. They grow in
huge blocks with different orientations of c-axis. During the subsequent cooldown inevitable stress occurs. In
order to relax the stress, each huge block is split into smaller blocks with small c-axismisorientation.

Another source of stress is the internal pressure caused by introduction of Sr atoms into Bi2Se3matrix,
similarly to theCu atoms [17]. Internal pressuremight be crucial for superconductivity like in FeSe [33].

Possible scenario for the anisotropic SCmay arise if the grain boundaries or some hidden defects host surface
states with SC properties different from that of bulk carriers. Indeed, scanning tunnelingmicroscopy (STM)
studies of the SrxBi2Se3 crystals with bulkTc about 3 K revealed for the surface state in SrxBi2Se3 SC gap closing at
Tc∼5K [13], thus supporting the idea of surface SC. Interestingly, these STM studies revealed no in-plane
anisotropy of SC properties in the basal plane. Thus, superconductivity along defects and grain boundaries could
be a fruitful idea for explanation of the phenomenology of this system.

This scenario is however in contradictionwith the large SC fraction (up to 100% in the best of our samples),
detected in SrxBi2Se3 also in [5, 10, 14], andwith specific heat data, straightforwardly indicating bulk
superconductivity both inCuxBi2Se3 [3] and SrxBi2Se3 [34]. It is also inconsistent with sharp (ΔT∼0.1 K)
transitions fromnormal resistance to zero. Indeed, interfaces of different blocks should be spread over
properties and lead to smooth SC transition. Recent direct visualization of regular lattice of oval-shape
Abrikosov vortices inCuxBi2Se3 [7] also does not support surface-related scenario.

A promising scenario is the recently suggested 2-component order parameter with p-wave pairing,
belonging toD3-symmetry class [23]. In this case the role of structural anisotropy is to favor the direction of
nematic TSCorientation [24]. This scenario seems to explain a bunch of experimental facts: anisotropies of
specific heat [3], magnetization [9], Knight shift [2], anisotropy survival under hydrostatic pressure [11], and
proton bombardment [12]. The stability of the systemoriginates from spin–orbit interaction [21]. However it
remains unclear why the value and the spread of anisotropy factor in SrxBi2Se3 is so high? Indeed, within nematic
topological theories, degree of anisotropy is governed bymaterial-specific parameters and structural distortions
only establish the direction of the nematicity.

Our research indicates a possibility , that small 0.02% lattice elongation and c-axis inclinemight be
consequence ofmuchmore anisotropic Sr atoms arrangement, causingmuch strongermodification of
electronic spectrum, superconductivity,magnetoresistance. In case of ordinary s-wave superconductivity, the

Figure 5. Summary of the available (ourwork and [4–6]) in-planeHc2 values in the highest (shown in blue) and the lowest (shown in
red)Hc2- directions in SrxBi2Se3 single crystals.

8

New J. Phys. 20 (2018) 103022 AYKuntsevich et al



stability of the SCwith respect to disorder is protected by theAnderson theorem.We believe, however, that in
materials with such strong spin–orbit interaction, as doped bismuth chalcogenides, the role of structural
distortion ismore tricky. Indeed, in s-wave SCmaterialsHc2 can be limited either by spinmechanismor by
orbital one. Spin–orbit interactionmerges thesemechanisms and in the presence of structural distortionmakes
theHc2 value a complexmatter.

All indications of the superconductive nematicity so farwere performed inmagnetic fields. There is no zero-
field experiment (besides our room-temperature XRDmeasurements), demonstrating the anisotropy of the
material, because transport search for anisotropywithoutmagnetic field is challenging. The resistive
measurements in the vicinity ofHc2 probe essentially vortex phase, very sensitive to the pinning of the vortices.
Apparently, crystal anisotropy, preferable defect direction and preferable grain boundary directionmake the
pinning anisotropic. Crucial experiment to elucidate the role of boundaries would be an observation of SC
anisotropy (or its absence) in μmscale and sub-μmscale samples. If superconductivity anisotropy in defect-free
micro-scale samples would be absent, the overall idea of nematic SC in SrxBi2Se3 becomes questionable.

Our results point to necessity of revision of a bunch of data to understandwhether similar structural features
correlate with anisotropy inCuxBi2Se3 andNbxBi2Se3. In respect of pinning, vortex phase for in-planemagnetic
field configuration should be carefully examined in thesematerials. Experiments on in-planeHc1 anisotropywill
allow to completely detune from vortices.

Thus our experimental research reveals the block structure and intrinsic structural anisotropy of
superconducting SrxBi2Se3. Now a question arises towhat extent these properties are inherent to the other
superconducting bismuth chalcogenides andwhether the TSC scenarios in thesematerials should be revisited.

Conclusion

Our results clearly demonstrate that: (i) two-fold structural anisotropy in SrxBi2Se3 was observed and shown to
be strong enough to both affectmagnetotransport aboveTc and to be seen inXRD. (ii)The directions of the
anisotropic features in transport correlate with the directions of the structural distortions. (iii) In addition to
revealed unit cell distortions, the crystals are anisotropically split into blocks, that points to the possible role of
linear defects or grain boundaries inmagnetotransport and vortex pinning. (iv)Despite correlation between SC
and structural anisotropies, the SC anisotropy parameter (H Hc c2

max
2
min ) is sample-specific.

All these items indicate that the nematicity in thesematerials is not a consequence of the topological
superconductivity only, and the relevance of structural factor should be taken into account.
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AppendixA.Multiblock character of doped bismuth chalcogenides

We should note, that block structure of the superconducting bismuth chalcogenides is not just a property of our
samples, but is rather inherent to thesematerials. Belowwe summarize numerous available indications:

1. Except our paper, there is only one work ([6]) where detailed XRD studies are performed in high quality
single crystals of Sr0.1Bi2Se3. The rocking curve, shown infigure 7(b) of [6] clearly demonstrates several
domains in accordwith our observations (figure 4(b)).

2. Recent direct STM observation of nematic superconductivity in CuxBi2Se3 [7] also revealed at least two
types of superconductive domainswith different structural and superconducting properties and one type of
non-superconductive domain all coexistingwithin the same crystal.

3. In the first observations of Shruti et al [14], powder XRD phase analysis in synthetised SrxBi2Se3 revealed
admixture of SrBi2Se4 andBiSe phases. Similarly, admixtures of different fractions are seen inNbxBi2Se3
[16].

4. In [5] anisotropic sample-specific magnetoresistance deviates from 8-like shape, in agreement with our
observations andmulty-domain explanation.Magnetization in [9] has also several features, explainable
withinmulty-domain picture.
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5.Normally the superconducting fraction in doped bismuth chalcogenides is not high [16], especially if the
growth conditions are not properly adjusted [18].

Appendix B. Extremalmultiblock sample 318-3

Figure B1 shows themost spectacularmagnetoresistance pattern for largemultiblock sample Sr0.2Bi2Se3#318-3
as an example ofmultidomain superconducting structure. In thisfigure one can see all complexity of the
possiblemutual orientations of the blocks: (i) domainswith almost perpendicular orientations (e.g. dip at 280◦

and dip at 180◦) and (ii) domains rotated by 60◦ (e.g. dip at 40° and dip at 100°). Panels (a) and (b) compare
magnetorsistance patterns for two current directions (schematics of the currentflow is given in the panel (c)).
One can see that in panels (a) and (b) angular positions of superconducting dips are the same, but their
amplitudes are different. This is natural, because the amplitude of these dips depends on path of the current, i.e.
contributions of particular domains.

Interestingly, the crystalline quality of thismultidomain sample is rather high: it consists of crystallites with
almost the same orientation, i.e. the rocking curves (shown infigure B1(d)) are rather narrow, below 0.6◦.
Remarkably, the same rocking curves at (0 0 15) reflection clearly demonstrate the anisotropy in crystallite
orientation, in agreementwith figure 4(c): for orientationj=0° thewidth is 0.6◦ (red curve), while for
perpendicular direction this width is 0.13◦ (black curve). Since different blocks have different superconducting
nematicity directions, our XRDdata indicate that superconducting nematicity direction is given not by
orientation of parent crystalline axis but rather by some fine ordering of Sr atoms, that differs fromblock to
block.

AppendixC. Comparison to [6]

A rather similar recent research [6] (high quality single crystal, single crystal XRD and anisotropic
magnetotransportmeasurements) reported no visible structural distortions and nomagnetotransport
anisotropy aboveTc in SrxBi2Se3, contrary to our results.We argue, that while the crystalline quality in [6] and
ourwork is comparable , the XRD and transportmeasurement of Smylie et al, did not resolvefine effects,
reported by us.

In [6] (see figure 7(b)) themeasured full width at halfmaximumof the rocking curve is about 0.5◦, whereas
in our the highest quality samples this value drops to 0.15◦, as shown infigure 4. I.e the crystalline quality of our
samples is at least not worse.Moreover, our results are confirmed on a number of single crystals with various Sr
content.

Figure B1.Anisotropicmagnetoresistance at 2.2 K for sample Sr0.2Bi2Se3#318-3, (a) current 7-4, potential 6-5; (b) current 1-4,
potential 2-3; (c) schematics of the contacts.
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Concerning the single crystal XRD studies, the research of [6] in detail shows the absence of the improper
peaks in diffraction patterns.We carefully reproduced theirmeasurements and, of course, obtained exactly the
same: absence of (hkl) reflectionswith + + ¹h k l n2 3 , where n is integer. This condition is however
necessary, rather than sufficient for R3m crystallographic symmetry. Indeed, newpeaks in diffraction pattern do
not appear in response to slight structural distortion.On the contrary, theymay arise, e.g. in thinfilms of Bi
chalcogenides due to formation of twins [35]. In fact, the quality of our crystals and those in [6] is so high, that
there are no twins and only slightmisorientation of blocks within thewidth of the rocking curve (less than 1°).
Therefore in order to reveal unit cell distortion and to identify symmetry breaking, one should analyze 120◦ and
240◦j-rotated asymmetrical reflections, as we have shown in the body of the paper.

Two-fold anisotropy of AMR in the normal state was not observed in [6]. It is rather expected, as all
measurements were performed in a quite low (less than 1 T)magnetic field. AMR in the normal state, discovered
in our paper is negligible in that smallfields. Figure 2 of ourmanuscript shows∼1%anisotropy inmagnetic field
∼10T.

AppendixD. Symmetry of theAMR

In order to highlight the two-foldmagnetoresistance symmetry (quite small effect aboveTc), we subtracted the
first harmonic j j+A Bcos sin from theAMRdata. FigureD1 shows the representative raw data and the data
after the subtraction.We did not found any correlation between the value and the direction of the first harmonic
and the higher harmonics.We believe therefore that the first harmonic comes from randomadmixture of the
Hall effect to themagnetoresistance. Indeed, the shape of the sample differs from theHall bar andHall
component inevitably contributes to a voltage drop across the potential probes. There are two reasons for such
admixture: (i)unavoidable small sample inclination (up to 3◦)with respect to the plane ofmagnetic field vector
rotation. (ii)macroscopic sizes of the contacts, painted on the sides of the sample, that leads to partial current
flow along c-axis.Mechanism (i) allows tomake an upper estimate of thefirst harmonic. In 10 T (typicalfield for
our AMRmeasurements) and for 3◦ inclination, the perpendicular component is about 0.5 T. Fromfigure 4(d),
assuming the lateral geometrical factor to be∼1, we get the amplitude of theHall effect to be about 2%of ρxx.
The experimentally observedfirst harmonic value in all cases was comparable or smaller.

To be fair, ¯R3m crystalline symmetry does not prohibit thefirst harmonic term inmagnetoresistance,
becausemagnetic field is an axial vector. However, charge carriers are located close to theΓ point of the Brilluin
zone and have rather isotropic in-plane properties. Therefore, there is no clearmechanism to cause such
asymmetry inmagnetoresistance. A search for suchmechanisms (both theoretical and experimental) is a
challenging forthcoming task.

Perpendicular∼0.5 T component ofmagnetic fieldmight serve as an additionalmechanism to cause second
harmonic j j+A Bcos 2 sin 2 .We believe, however that thismechanism is irrelevant for the following reasons:
(i) in all our samples,magnetoresistance even in perpendicular field∼10T is rather weak, less than few% (<
0.5% for sample 308, see figure 4(a), see also examples in [10]). In 0.5 Tfield, themagnetoresistance is 40 times
smaller, assuming that it is parabolic-in-B. (ii)We systematically detect correlation between superconductivity
direction and normal-state AMRdirection. This correlationwould be absent if randomly oriented
perpendicularmagneticfield admixture would be the case.

FigureD1.AMR for three representative samples aboveTc before (black curves) and after (red curves) subtraction of the first
harmonic (panels a-c). Sample number, temperature,magnetic field and scale of the effect are indicated in the panels.
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Appendix E.On theNMR

Infigures 2(e), (f)NMRof the studied crystals in the parallelmagnetic fieldweakly depends on temperature.
Signatures of theNMRwere also seen in [4] (figure 3 blue curve and Supplementarymaterials,figure S7, panel a,
black curve) and [5] (figures 3(a), (b), (d), (e)where negativeMR can be restored from theR(T) data in various
magnetic fields). The values and field scales ofNMRare sample-specific, that points to the non-universal nature
of the effect.

Themechanism ofNMR is puzzling, and, we believe,may incorporate the following ingredients: (i) quasi-
two dimensional character of the in-plane transport and spectrum (discovered by Lahoud et al in CuxBi2Se3 [36]
and indirectly seen in SrxBi2Se3 from angular dependence ofmagnetooscillations [10]); (ii) strong spin–orbit
interaction, intrinsic to bismuth chalcogenides; (iii) presence of grain boundaries in the sample.

More exoticNMRmechanisms, likememory effects [37] or Berry-phase inducedmagnetoresistance [38]
could also be examined.We believe, however that increase of grain boundary transparencywithmagnetic field
seems to be themost realistic and easily checkable candidate. Indeed, absence ofNMR in themicro-size single-
domain crystals would be a straightforward experiment to establish the role of grain boundaries. Such
experiment is however yet to be done.
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