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ABSTRACT: Topological superconductors have attracted tre-
mendous excitement as they are predicted to host Majorana zero
modes that can be utilized for topological quantum computing.
Candidate topological superconductor Sn1−xInxTe thin films (0 < x
< 0.3) grown by molecular beam epitaxy and strained in the (111)
plane are shown to host quantum interference effects in the
conductivity coexisting with superconducting fluctuations above
the critical temperature Tc. An analysis of the normal state
magnetoresistance reveals these effects. A crossover from weak
antilocalization to localization is consistently observed in super-
conducting samples, indicating that superconductivity originates
dominantly from charge carriers occupying trivial states that may
be strongly spin−orbit split. A large enhancement of the conductivity is observed above Tc, indicating the presence of
superconducting fluctuations. Our results motivate a re-examination of the debated pairing symmetry of this material when subjected
to quantum confinement and lattice strain.
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Nontrivial topology in the electronic band structure leads
to unique properties in various materials that include

insulators, semimetals, magnets, and superconductors.1−4 In
particular, topological superconductors (TSCs) can have a
gapped bulk, accompanied by gapless boundary states dubbed
Majorana boundary modes that have possible applications in
quantum computing.5 This greatly motivates the current
interest in TSCs. TSCs can arise in materials that are
topologically nontrivial and superconducting.6 Materials
proven to be intrinsic TSCs are rare but candidates include
CuxBi2Se3,

7,8 UTe2,
9 UPt3,

10 and Sn1−xInxTe. Alternatively, one
can achieve TSCs employing the proximity effect;11 by
building heterostructures of topological insulators (TIs) and
conventional superconductors, one introduces superconduc-
tivity into TIs.12−14

SnTe is a topological crystalline insulator (TCI).15,16 It hosts
four Dirac cones protected by crystal mirror symmetry on its
(111) surface.17,18 Sn1−xInxTe can become superconducting
while maintaining its topological surface states when alloyed
with In.19−23 However, the nontrivial character of super-
conductivity in Sn1−xInxTe remains debated, and several recent
experiments could not reveal the presence of odd pairing or
Majorana modes.24−28 Regardless of whether it is intrinsically
topological, Sn1−xInxTe is one of the few superconductors that

are epitaxially compatible with TCIs and can be used in
proximity effect heterostructures to achieve the TSC.
Previous research on Sn1−xInxTe was focused on single

crystals. The growth and analysis of Sn1−xInxTe thin films are
necessary to search for boundary Majorana modes using
device-based schemes. Thin films also enable material tuning
knobs beyond those possible for single crystals such as
confinement, strain, and interfacial effects. In thin films,
quantum coherent corrections to the conductivity that are
useful to quantify spin−orbit splitting effects are enhanced.29

Moreover, in the case of superconductors confinement
enhances quantum coherent corrections due to superconduct-
ing fluctuations30,31 above the critical temperature Tc, which
could provide a novel route to put to test the order parameter
symmetry.32,33 The MBE growth of Sn1−xInxTe

34 was recently
developed on InP substrates but measurements involving the
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effects of confinement on the superconducting and normal
state properties of Sn1−xInxTe are yet to be carried out.
Here, we report structural and electrical measurements on

strained thin films of Sn1−xInxTe (0.04 < x < 0.3) grown by
MBE on BaF2 (111) that reveal remarkable differences
compared to single crystals. The films host rhombohedral
strain along the (111) planes that alters the crystal symmetry.
They are all superconducting for x > 0.04 but also exhibit
strongly enhanced quantum coherent corrections to the
conductivity that unravel important properties of the normal
state. In the normal state, quantum interference effects and
superconducting fluctuations coexist. A crossover from weak
antilocalization (WAL) to weak localization (WL) in super-
conducting Sn1−xInxTe indicates that electrons from trivial
bulk states play a dominant role in the superconducting state.
However, the observation of WAL at low magnetic field
indicates the presence of bulk spin−orbit splitting possibly due
to Rashba splitting whose origin is discussed. Close to but
above Tc, a significant enhancement of the conductivity and a
strong negative magnetoconductance indicate the presence of
Maki−Thompson superconducting fluctuations. The absence
of a signature of fluctuations in the Meissner effect
corroborates this interpretation. Our realization of Sn1−xInxTe
thin films and the observation of the WAL and fluctuations
shed a new light on the properties of this material, which is
likely to change under the impact of quantum confinement and
lattice strain.

Thin film of Sn1−xInxTe (0.04 < x < 0.3) are grown by
molecular-beam epitaxy (MBE) on BaF2 (111) substrate. We
initially deposit a buffer layer of SnTe (<40 nm) to start the
nucleation of the layer. We then co-deposit Sn, In, and Te from
elemental cells. Throughout the growth, we vary the cell
temperature as well as the relative growth time of SnTe and
Sn1−xInxTe layers to control composition (see Supporting
Information). Layers of Sn1−xInxTe with 0 < x < 0.3 are
obtained.
The In atoms are found to diffuse into the SnTe buffer

almost regardless of composition and buffer layer thickness.
Transmission electron microscopy (TEM) measurements and
an energy dispersive X-ray (EDX) map of the In distribution
performed at room temperature on a sample having x = 0.18
confirm this. They are shown in Figure 1a. The image yields
well resolved atomic layers confirming the good crystalline
quality of the films. The EDX measurements show a uniform
In distribution within the resolution of the instrument
(∼±2%). The diffusion of In during the growth thus leads
to a homogeneous Sn1−xInxTe layer with a thickness of 100
nm.
X-ray diffraction scans of the (222) Bragg peaks of various

Sn1−xInxTe films are shown in Figure 1b. The peak position
shifts to higher angle with increasing In, indicating a decrease
of the lattice constant as shown in Figure 1c. This agrees with
previous reports on single crystals and thin films.34,35

The slight lattice mismatch between Sn1−xInxTe (∼6.33−
6.26 Å) and BaF2 (6.196 Å) warrants a thorough investigation

Figure 1. (a) Transmission electron microscope image of a Sn1−xInxTe (x = 0.25) thin film. Inset shows an elemental mapping of the energy
dispersive X-ray emission line, showing a homogeneous distribution within the instrument resolution. (b) X-ray diffraction scan about the (222)
Bragg peak of films having 0 < x < 0.3. (c) Lattice constant obtained in the (111) direction versus x. (d) RSM around (222) substrate and layer
peaks. (e) RSM about the (513) peaks. The white cross corresponds to the peak expected from a relaxed cubic structure with c = a. (f) Schematic
of a (111) oriented film showing a and c lattice constants obtained from the [110] and [111] lattice spacing, respectively.
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of the in-plane lattice parameter. Thus, high-resolution X-ray
diffraction is performed around the (222) and (513) Bragg
peaks. The resulting reciprocal maps (RSMs) for x = 0.04 are
shown in Figure 1d,e, respectively. The analysis of the RSMs
yields the lattice constant c and a, respectively, in the directions
parallel and perpendicular to the [111] growth direction. Here,
we define c d / 3111= [ ] and a d / 2110= [ ] where d[hkl]
represents the lattice spacing in the [hkl] direction. From
Figure 1d, we use the (222) Bragg peak to obtain c = 6.331 Å
(±<0.001). From Figure 1e, the (513) peak allows us to find a
= 6.290 ± 0.003 Å (the uncertainty spans the width of the peak
and is thus an overestimation). The layer is thus compressively

strained in the (111) plane and tensile-strained out-of-plane
along the growth axis, breaking cubic crystalline symmetry
(Figure 1f). Similar data for x = 0.09 is shown in Supporting
Information. In Figure 1e, a cross locates the peak expected
from an unstrained layer (i.e., a = c) on the RSM. The
experimental Bragg peak is broad but evidently located left of
the cross. Thus, even at 100 nm, the layer remains under stress
and c > a.
Electrical transport measurement are performed from 1.5 K

to 15 K using the standard 5-probe method. Gold wires are
attached to the film using conducting silver paste. All In-
containing samples with x ≥ 0.04 exhibit a superconducting

Figure 2. (a) Dependence of Tc on In concentration. (b) Magnetic field dependence of resistivity in the superconducting regime for Sn0.7In0.3Te at
different temperatures for a field applied perpendicular to the sample plane. (c) Same as (b) but for field applied in the plane perpendicular to the
current. (d) Temperature dependence of critical field applied in-plane and out-of-plane. Points are taken at half of the normal state resistance.
Dashed lines are fitting curves using Ginzburg−Landau theory.

Figure 3. (a) Hall resistivity for samples with different In concentration. As the In content increases the slope of the line gradually decreases. (b,c)
Magneto-conductance of samples with different In concentration at 6 K, in the normal state. (d) Resistance of sample x = 0.18 versus magnetic field
at different temperatures.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c04370
Nano Lett. XXXX, XXX, XXX−XXX

C



regime at low temperature. As we increase the In
concentration, the critical temperature Tc gradually rises
from 1.5 K to 3.5 K, as shown in Figure 2a, in agreement
with previous work.34,36,37,35,21 Figure 2b,c plots the sample
resistance versus magnetic field applied out-of-plane and in-
plane, respectively. The plots show several temperatures below
Tc. The upper critical field Hc2, defined as the midpoint
between the normal state resistance and 0, is extracted and
plotted versus temperature in Figure 2d. The plots show the
anisotropy between out-of-plane and in-plane directions and a
quasi-linear relationship of Hc2 with respect to temperature for
both directions. This indicates that the superconducting state
is quasi-3D. The two curves can be well fit by the 3D
Ginzburg−Landau theory

H H
T
T

(0) 10 c2
i

0 c2
i

c
μ μ= −

�

�

����������

�

�

����������

where Hc2
i (0) = Hc2

⊥, ∥(0) are the critical fields at T = 0 K, found
to be Hc2

⊥ (0) = 1.92T and Hc2
∥ (0) = 3.27T. This is below the

Pauli limit BP ≈ 1.85 × TC ≈ 6.5T. Using the relation

H (0)0 c2 2 ab

0
2μ = πξ

⊥ Φ
and H (0)0 c2 2 ab c

0μ = πξ ξ
∥ Φ

, where h
e0 2

Φ = is the

flux quantum, we can estimate the superconducting coherence
length ξab (in plane) and ξc (out of plane). The extracted
values are 12.9 and 7.6 nm, respectively. Their value is smaller
than the thickness of the film (100 nm), evidencing a quasi-3D
superconductivity.
Figure 3 summarizes the transport measurements carried out

in the normal state. The Hall effect, shown in Figure 3a, reveals
a decreasing Hall constant with increasing In, suggesting that
In is an acceptor. However, the carrier density calculated based
on this exceeds 1023 cm−3 for x ≥ 0.18 which is unrealistic as it
exceeds the atomic density. This corresponds to a Hall
coefficient ∼0.0001 cm3/C. We suspect that the small Hall
coefficient can be caused by the coexistence of holes and
electrons that both have a low mobility as previously discussed
for single crystals.38 In this situation, the Hall resistivity in the
Drude model follows

n n
n n

B
( )
e( )xy

h e

h e
2ρ ≈ −

+

where ne,h is the carrier density of electrons/holes. Thus, the
effective carrier density calculated from the Hall slope can be
unreasonably high if nh − ne is small. As we increase In, ne
increases thus gradually lowering the Hall coefficient. From
this, we conclude that In acts as an electron donor, possibly
generating an impurity band near the Fermi level. Several
recent works report similar observations.23,38 This impurity
band is believed to play an essential role in the super-
conductivity of this material.19

In the normal state, for all superconducting samples a cusp
at lower perpendicular field followed by a negative magneto-
resistance at intermediate field is observed as shown in Figure
3b,c. Such a behavior can generally be attributed to a crossover
from WAL to WL, both caused by quantum interference
corrections to the conductivity. At low field, Figure 3d shows a
decreasing resistance as the sample is cooled down, indicating
that WL is not dominant. The 2D Hikami−Larkin−Nagaoka
(HLN) model is commonly used to explain WAL and WL and
is given by29,39
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where ψ is the digamma function, Bi eL4 i
2= ℏ , Lφ is the phase

coherence length, LSO is the spin−orbit relaxation length, and
Le is the elastic scattering length. N represents the total
number of channels, usually representing subband or valley
degeneracy. For samples with low mobility and short elastic
scattering length, Be ≫ BSO, Bφ and the middle term containing
Be in eq 1 is negligible. In TCIs and PbTe, 4-fold valley
degeneracy can enhance the (anti)localization effect by
increasing channel numbers (N ≈ 4).40,41

However, the absolute value of the negative magneto-
conductance cusp is high and can reach 10e2/h, as shown in
Figure 3c. There is a 20-fold enhancement of its magnitude for
x > 0.18 which cannot be simply attributed to the WAL effect
that typically yields corrections on the order of 1e2/h.29,41−44

This is especially the case at low temperature below 6 K (T/Tc
< 2) as seen for x = 0.18 in Figure 3d. Therefore,
superconducting fluctuations must be contributing to the
conductance above Tc. We consider three common terms to
describe fluctuations. (i) The Aslamazov-Larkin (AL) fluctua-
tions are directly connected to the fluctuating cooper pairs and
dominate at T very close to Tc ((T − Tc)/Tc ≪ 1).45,46 (ii)
The Maki−Thompson (MT) fluctuations originate from the
coherent interaction of electrons with fluctuating Cooper
pairs.30,47,48 (iii) The density-of-states (DOS) term arises from
the changing single-particle density of states due to the
involvement of carriers in fluctuation pairing.49,50 As the
magnetic field increases, the fluctuations are suppressed,
leading to negative magneto-conductivity from AL and MT
and a positive contribution from DOS. In 2D, that is, when

( ) T T T( )/
t

2

c c
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as in our case, the conductance

correction from the MT term is given by
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( )L
T
Tc

β is Larkin’s electron−electron interaction strength

parameter tabulated in ref.30 We utilize the HLN model in its
2D form despite our films being 100 nm thick. The MT term
differs from the HLN model only by a prefactor (Supporting
Information S3).29,44,49,51−55 Our fitting formula is obtained by
combining all possible contributions from fluctuations with
WL56−58

( )
G B T

N e

h

B

B

B

B

Ne
h

B B

B

B B

B

G B T G B T

( , )
2

1
2

ln

3
2

4 /3 1
2

ln
4 /3

( , ) ( , )

T
TL

2

2
SO SO

AL DOS

C
β

π
ψ

π
ψ

Δ = −
+

+ −

+
+

+ −
+

+ Δ + Δ

φ φ

φ φ

�

	





�

�


�

�

����������

�

	






�

�


�

	






�

�



�

�

����������
�

�

�����������

�

	








�

�



�

	








�

�



�

�

�����������

(3)

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c04370
Nano Lett. XXXX, XXX, XXX−XXX

D



Notice that eq 3 only has N, Bφ, and BSO as fitting
parameters. Bφ is temperature dependent, and BSO should be
temperature independent. ΔGAL and ΔGDOS do not contain
any fit parameters and are shown to have a negligible
contribution (see Supporting Information S3) compared to
MT. By fitting magneto-conductance at high temperature,
where the WL term dominates, we can get a reliable value of
BSO and use it to fit the low-temperature data. Then, we only
carry out a two-parameter fitting as a function of temperature.
Curve fits for three characteristic samples (x = 0.04, 0.18, and
0.3) are shown in Figure 4a−c. WL, WAL, and the Maki−-
Thompson fluctuations dominate in the temperature range of
interest.
The Larkin expression for the MT term is limited to

temperatures much higher than Tc and not-too-large fields
(2πkB(T − Tc) ≫ ℏ/τφ and 2πkB(T − Tc) ≫ 4eDH). This

limits our fitting range of the data, especially at low
temperature close to Tc. The fit parameters N and Lφ are
plotted versus temperature in Figure 4d,e and LSO is plotted
versus x in Figure 4f. Their variation is discussed next.
The number of channels N (Figure 4d) does not exceed 3

for x = 0.04 and x = 0.18. This is expected in IV−VI materials
due to their 4-fold valley degeneracy, regardless of topological
character.40,59 Despite taking into account the contribution of
fluctuations, N greatly increases as the In concentration goes
up. It has been suggested that In 5s states form an impurity
band near the Fermi level and generate quasi-localized
electrons, which gradually delocalize with increasing x.23,38,60

Thus, In could impact valley degeneracy by altering the shape
of the Fermi surface of SnTe causing N to change. However,
the change could be a result of our analysis underestimating
the magnitude of superconducting fluctuations, especially

Figure 4. Fitting results for superconducting samples. (a−c) Show the fitting curves using eq 3 for x = 0.04, x = 0.18, and x = 0.30, respectively. (d)
Channel number and (e) coherence length versus temperature for samples with different In concentration. (f) Spin−orbit scattering length versus
In content x.

Figure 5. (a) Plot of resistance versus temperature and comparison with different the AL, MR, and DOS and WAL contributions near Tc. Almost
all parameters are taken from magneto-conductance fitting result. Detailed expression can be found in Supporting Information. (b) AC
susceptibility versus temperature for x = 0.3.
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when Tc > 3 K. The coherence length for all samples roughly
follows Lφ ∼ T−1.5 as shown in Figure 4e. Theoretically, in 2D
inelastic electron−electron scattering leads to Lφ ∼ T−0.5,61,62

while electron−phonon scattering yields a faster decay Lφ ∼
T−1.5 in 2D and 3D.63−65,29 Thus, Figure 4e indicates that
electron−phonon scattering is the dominant dephasing
mechanism.
We further corroborate the interpretation of the quantum

coherent corrections by analyzing the resistance versus
temperature R(T) curve of x = 0.3 near Tc. The detailed
expression of WAL corrections and those from MT
fluctuations are shown in Supporting Informaton. The R(T)
corrections due to other fluctuation terms can be calculated
from parameters determined previously (see Supporting
Information S3).29,44,49,52−54 They yield a minimal impact at
the temperatures of interest compared to the MT term. Figure
5a shows a comparison between the R(T) data for x = 0.3 and
the combined effect of the MT fluctuations and WAL,
qualitatively matching the data (more details are given in
Supporting Information). The MT fluctuations that lead to eq
3 are not expected to appear in measurements of the
magnetization as they are related to coherent electron
scattering corrections that only influence the conductivity.66,67

Figure 5b shows the AC susceptibility χ of Sn1−xInxTe (x =
0.3) up to 10 K at zero magnetic field. There is no visible
deviation observed from background diamagnetism down to
well below T = 5 K, despite R(T) decreasing by more than 1%
between 10 and 5 K. This is consistent with the MT
fluctuations model. This observation also rules out the
formation of superconducting clusters above Tc as they
would normally produce a drop in both R(T) and χ(T).
Our results thus indicate that Sn1−xInxTe thin films host

strong quantum coherent corrections to the conductivity,
originating from the coexistence of superconducting fluctua-
tions and partial antilocalization. We note that a strong WAL
has been reported in superconducting Sn1−xInxTe platelets,68

but the corrections from superconducting fluctuations were
not considered to the best of our knowledge. Properties of
these fluctuations in the normal state may contain crucial
information on the superconducting order parameter, as was
widely studied in the cuprate superconductors.67 Our
observation and analysis of the fluctuations thus lay important
groundwork for future theoretical and experimental studies on
the pairing symmetry of strained Sn1−xInxTe. For the WAL
contribution, we attribute it to bulk electrons with spin−orbit
splitting instead of the Dirac surface states. This is because, on
the one hand, the WAL cusp is a classical sign of strong spin−
orbit interactions that reduce the backscattering probability.
On the other hand, we expect the spin-momentum locking of
the Dirac surface states to suppress all backscattering, which
eliminates WL entirely.69 However, we find a crossover from
WAL to WL in our superconducting samples and a finite LSO,
indicating that carriers from spin−orbit split trivial states play a
dominant role in normal state transport and possibly in the
superconducting state.
This spin−orbit splitting could originate from several

possible sources. In Pb1−xSnxSe quantum wells, its origin is
attributed to surface inversion asymmetry that introduces a
Rashba-like term in the Hamiltonian describing the system.70

Band bending71 introduced in a controlled way by growing
quantum wells with asymmetric barriers can have a similar
effect.72 A ferroelectric crystalline distortion73,74 that displaces
the Sn and Te sublattices with respect to each other can also

occur in SnTe and can yield a strong bulk Rashba splitting by
breaking centrosymmetry.75,76 We have carried out a system-
atic search for this distorted state using low-temperature X-ray
diffraction measurements and resistivity measurements, but did
not find any evidence of it in Sn1−xInxTe (see Supporting
Information S4).77−80 Thus, our XRD measurements confirm
the presence of rhombohedral strain but contain no evidence
of the sublattice shift that breaks crystalline inversion
symmetry. Hence, the precise origin of spin−orbit splitting
in our samples requires further experiments.
In strongly spin−orbit-coupled systems, such as CuxBi2Se3,

Sn1−xInxTe, and various transition metal dichalcogenides,
parity-mixed superconductivity can naturally exist on symme-
try grounds.81−83 Odd-parity or sometimes topological super-
conductivity can also be energetically favored by spin−orbit
coupling even when mediated by phonons.8,83,84,81 We thus
plausibly expect Sn1−xInxTe thin films to host unconventional
superconductivity.
In summary, we have grown SnxIn1−xTe (0 < x < 0.3) thin

films by MBE and measured their structural, quantum
coherent, and superconducting transport properties. Samples
can maintain superconductivity up to 3.5 K with x = 0.3. In the
normal state, we have observed the coexistence of super-
conducting fluctuations and a crossover from WAL to WL
versus magnetic field. Our analysis of WAL yields a short spin−
orbit scattering length consistent with strong spin−orbit
splitting. The latter is a necessary but not sufficient ingredient
to realize topological superconductivity. To the best of our
knowledge, superconducting fluctuations have not been
observed in a topological insulator that becomes super-
conducting. Our results thus raise several interesting questions
about the superconductivity of SnxIn1−xTe thin films. First,
they motivate further theoretical studies of Sn1−xInxTe with the
distorted crystal structure to elucidate the nature of its
superconductivity. Second, they raise the question of whether
superconducting fluctuations and their response to magnetic
field and impurities can shed light on the pairing symmetry. At
the very least, the synthesis of such thin films provides a
superconducting material that one can use to grow in situ
proximity effect bilayers with epitaxial interfaces based on
TCIs.
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