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The temperature dependence of the London penetration depth ∆λ(T ) in the superconducting
doped topological crystalline insulator Sn1−xInxTe was measured down to 450 mK for two different
doping levels, x ≈ 0.45 (optimally doped) and x ≈ 0.10 (underdoped), bookending the range of cubic
phase in the compound. The results indicate no deviation from fully gapped BCS-like behavior,
eliminating several candidate unconventional gap structures. Critical field values below 1 K and
other superconducting parameters are also presented. The introduction of disorder by repeated
particle irradiation with 5 MeV protons does not enhance Tc, indicating that ferroelectric interactions
do not compete with superconductivity.

I. INTRODUCTION

Recently, there has been significant attention given to
topological states in solids, particularly towards topolog-
ical insulators (TI)1,2 and topological superconductors
(TSC)3,4, because of the properties of their novel quan-
tum states. A topological insulator is a material that
is insulating in the bulk, but has gapless surface states
that conduct; these states are protected by time-reversal
symmetry in the material. In topological crystalline in-
sulators (TCIs)5, the gapless surface state is instead pro-
tected by the mirror symmetry of the crystal. Following
confirmation of Bi2Se3, Bi2Te3, and Sb2Te3 as topolog-
ical insulators, a few materials have been identified as
topological crystalline insulators6 including Pb1−xSnxSe,
Pb1−xSnxTe, and SnTe7,8. Topological superconduc-
tors support gapless surface quasiparticle states that can
host Majorana fermions, whose non-Abelian statistics
may form the basis for new approaches to fault-tolerant
quantum computing9–12. Two routes are currently be-
ing pursued3,4,6,13 to create a topological superconduc-
tor: proximity induced at the interface between strong
spin-orbit coupling semiconductors and conventional su-
perconductors, or by chemical doping of bulk TI and
TCI materials. Among the latter, the first materials
suggested to be bulk topological superconductors were
obtained by doping Bi2Se3: CuxBi2Se3

14–18 with Tc ∼

3.5 K, NbxBi2Se3 with Tc ∼ 3.4 K and SrxBi2Se3
19–23

with Tc ∼ 3.0 K. More recently, surface Andreev bound
states in In-doped SnTe crystals have been observed24

via point-contact spectroscopy; the presence of such zero-
bias conductivity peaks are generally interpreted as sign
of unconventional superconductivity25. Thermal conduc-
tivity measurements26 on a Sn0.6In0.4Te crystal suggest

a full gap, and Knight shift measurements27 on a poly-
crystalline sample with ∼4% doping may indicate a spin-
singlet state. In systems with time reversal and inver-
sion symmetry, odd-parity pairing is a requirement for
topological superconductivity. Thus, determining the su-
perconducting gap structure is important to establishing
the possibility of topological superconductivity, as not
all theoretically allowed24 gap structures are unconven-
tional, odd-parity states.

The phase diagram of Sn1−xInxTe is known to con-
tain several phases28. The parent compound SnTe un-
dergoes a ferroelectric transition at up to 100 K; this
transition temperature decreases to zero with increasing
hole concentration29. The ferroelectric transition is ac-
companied by a structural phase change from cubic to
rhombohedral. At sub-Kelvin temperatures, the parent
material becomes superconducting30,31. It was discov-
ered that In-doping on the Sn site increases the super-
conducting transition temperature by an order of magni-
tude, a surprising result considering its low carrier den-
sity of ∼ 1021 cm−3. More recent efforts32,33, spurred by
the growing interest in topological materials, have raised
the transition temperature in Sn1−xInxTe to 4.5 K with
better synthesis techniques. The low-temperature phase
diagram is separated into two crystal structures: for x <
0.04, the structure is rhombohedral, and for x > 0.04, the
structure is face centered cubic. For a narrow range of
doping (0.02 < x < 0.04), the compound Sn1−xInxTe is
both ferroelectric and superconducting, both of which
are thought to be bulk in nature. In this range, Tc is
below 2 K and is not a function of x28. Above this range,
up to the solubility limit of x ∼ 0.45, Tc increases lin-
early with x to a maximum of ∼ 4.5 K. Recent reports
suggest28,34 that the pairing mechanism may be different
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for low and high doping levels, and that disorder scat-
tering may have a strong effect on the transition tem-
perature. In as-grown crystals shown to have equal car-
rier concentrations28, crystals with higher normal-state
resistivity systematically have higher Tc’s. This may be
due to either disorder favoring even pairing channels over
odd35,36 or by favoring superconducting over ferroelectric
interactions.
In this work, we report on magnetization measure-

ments and low-temperature measurements of the London
penetration depth λ. The temperature dependence of λ
indicates a full superconducting gap. Increased electron
scattering induced by particle irradiation does not en-
hance Tc in the cubic phase of Sn1−xInxTe implying that
for higher doping levels, the competition between ferro-
electric, odd-parity, and even parity is weak if extant, as
odd-parity pairing is conventionally thought to be very
sensitive to nonmagnetic disorder37.

II. EXPERIMENTAL METHODS

Crystals of Sn0.9In0.1Te and Sn0.55In0.45Te were grown
by the modified Bridgman method, following the work
of Tanaka38. This range of x was chosen to cover the
range of the cubic superconducting phase while remain-
ing clearly above the cubic-rhombohedral structural tran-
sition. X-ray diffraction and EDS measurements were
used to verify the crystal structure and stoichiometry.
Magnetometry measurements were performed both

with a Quantum Design MPMS dc SQUID magnetome-
ter with a superconducting magnet down to 1.8 K, and
a custom-built SQUID magnetometer with a conven-
tional magnet down to 1.2 K. The tunnel diode oscilla-
tor (TDO) technique39,40 was used to measure the tem-
perature dependence of the London penetration depth
∆λ(T ) = λ(T ) − λ0 with λ0 the zero-temperature value
in various applied magnetic fields down to 400 mK in
a 3He cryostat with a custom20,41,42 resonator operat-
ing at ∼14.5 MHz. To image the vortex lattice in the
superconducting state and to obtain an independent es-
timate of λ0, complementary small-angle neutron scat-
tering (SANS) measurements were performed at 50 mK
on the D33 beam line at the Institut Laue-Langevin
in Grenoble, France43. To examine the role of disor-
der, repeated irradiation with 5-MeV protons was per-
formed at the tandem Van de Graaf accelerator at West-
ern Michigan University. Irradiation with MeV-energy
protons creates a distribution of defects, ranging from
Frenkel pairs of point defects to collision cascades and
clusters44–46, all of which enhance electron scattering.
During irradiation the samples were cooled to approx-
imately -10 °C to prevent local heating of the sample.
Samples selected for irradiation were ∼ 55 µm thick, and
TRIM simulations show that the defect generation at 5-
MeV is essentially uniform across such a thickness.

III. RESULTS AND DISCUSSION

X-ray diffraction measurements verifying the crystal
structure and purity are shown in Fig. 1. At both doping
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FIG. 1: Diffraction data verifying single-phase FCC structure
in underdoped and optimally doped Sn1−xInxTe. In both
materials, the lattice constants are consistent with the doping
levels as measured through EDS analysis.

levels, the material is single phase with rocksalt structure
(space group Fm3̄m), with lattice parameters a = 6.31
Å for x ≈ 0.1, and a = 6.27 Å for x ≈ 0.45. Through
EDS analysis the composition was determined, yielding
values close to the nominal stoichiometry.
Estimates of λ0 can be obtained from measurements of

the lower critical field Hc1 and upper critical field Hc2.
Values of Hc1 for both doping levels were deduced from
low-temperature magnetization measurements shown in
Fig. 2. For the optimally doped material, magnetiza-
tion measurements versus applied field [Fig. 2(a)] were
used; for the x ≈ 0.1 material, magnetization versus tem-
perature measurements at multiple fixed fields in the
range of 0.1-1.8 G [Fig. 2(b)] were performed, and mag-
netization versus applied field could be extracted from
isothermal data. In both cases, the penetration field
Hp

41,47 was taken as the field for which the magneti-
zation deviates away from being linear in H. Using the
Brandt formulation47, we calculate the corrections due
to edge and/or surface barriers to vortex penetration
yielding estimates of Hc1 as shown in Fig. 4. For

a platelike superconductor, Hp/Hc1 = tanh
(

√

αt/w
)

,

where t and w are the thickness and width, and α =
0.67 for a disc-shaped sample. Upper and lower critical
field data for both doping levels are shown in Fig. 4.
With a conventional parabolic temperature dependence
Hc1 = Hc1(0)

(

1− (T/Tc)
2
)

we extrapolate Hc1 = 7.96
G and 32.0 G as the zero-temperature values for x ≈ 0.1
and x ≈ 0.45, respectively.
The TDO frequency shift is proportional to the mag-

netic susceptibility39,40 of the sample, allowing for the
detection of the superconducting transition as shown in
Fig. 3 for field values up to 2 T for small crystals of
both doping levels. No secondary superconducting tran-
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FIG. 2: (a) Magnetization versus applied magnetic field
sweeps on optimally doped Sn1−xInxTe at various tempera-
tures from 1.8 K through 4.0 K, measured in a conventional
MPMS SQUID. (b) Magnetization versus temperature sweeps
on 10% doped Sn1−xInxTeat various fields from 0.1 G to 1.8
G, measured in a custom dc SQUID. Isothermal magnetiza-
tion versus field curves are extracted from this data. In both
datasets, Hp is determined as the field for which the magne-
tization deviates away from being linear in H.

sitions were observable in either sample up to 20 K.
Defining the onset Tc to be at the deviation in slope of
the TDO frequency shift from the essentially tempera-
ture independent value at temperatures above Tc0 yields
the Hc2(T) data shown in Fig. 4. The phenomenolog-

ical relation Hc2(T) = Hc2(0)
(

1−t2

1+t2

)

, shown in red in

Fig. 4, describes the data well, as has been observed
for other superconducting doped topological insulators48.
This yields a zero-temperature limit of the upper crit-
ical field Hc2 of approximately 1.04 T for the under-
doped sample, and for the near-optimally doped sample,
Hc2(0) ≈ 1.94 T. Both values are well below the BCS
Pauli paramagnetic limit of BPauli

c2 = 1.83Tc. From our
values of Hc2, we calculate the coherence length ξ0 for
both doping levels using the Ginzburg-Landau relation
µ0Hc2(0) = Φ0/2πξ

2(0), resulting in ξ0 = 17.8 nm for x≈

0.1 and ξ0 = 13.0 nm for x ≈ 0.45. With the extrapolated
zero-temperature Hc2 values and using the Ginzburg-
Landau formula Hc1 = Φ0/(4πλ

2)(ln[λ/ξ] + 0.5), we de-
termine estimates for the zero-temperature value of λ to
be 900 nm for x ≈ 0.1 and 425 nm for x ≈ 0.45; such large
values are consistent with values from NMR27 (∼1200
nm, x = 0.04) and µSR49 (542 nm, x = 0.4).
SANS measurements were performed on oriented crys-

tals of Sn0.9In0.1Te. Data was collected at 50 mK for ap-
plied magnetic fields ranging from 0.1 to 0.3 T directed
along various high symmetry directions, but no vortex
lattice could be detected. From the background inten-
sity, a lower limit of the London penetration depth λ0

may be extracted from the neutron reflectivity R:

R =
2πγ2

n

16φ2
0

tγ2

q

B2

(1 + λ2q2)2
exp

(

−2cξ2q2
)

(1)
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FIG. 3: TDO measurements showing suppression of super-
conductivity in applied magnetic fields up to 2.1 T for near-
optimally doped (a) and underdoped (b) Sn1−xInxTe.
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FIG. 4: Critical field Hc1 (a) and Hc2 (b) values for un-
derdoped (yellow circles) and near-optimal (red diamonds)
Sn1−xInxTe. Extrapolated zero-temperature values for Hc1

are 7.92 G and 32.0 G, and for Hc2 1.04 T and 1.94 T, for
underdoped and near-optimal, respectively.

where γn is neutron gyromagnetic ratio, t the sample
thickness, B the applied magnetic field, φ0 = 2067 T
nm2 the flux quantum, q the scattering vector, and ξ the
coherence length, with c a constant typically taken as
0.550. Our SANS results put a lower limit of 550 nm on
λ0, consistent with our direct estimate of λ0 via lower
and upper critical fields.
Low temperature penetration depth measurements

were carried out via the TDO technique in the tempera-
ture range from 0.4 to 40 K. In the TDO technique, the
frequency shift δf of the resonator is proportional to the
change of the penetration depth40:

δf(T ) = G∆λ(T ) (2)

where the geometrical factor G depends on the sample
shape and volume as well as the geometry of the resonator
coil. The magnetic field of the resonator coil is ∼20 mOe,
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assuring that the sample remains fully in the Meissner
state.
The low-temperature variation of the London penetra-

tion depth ∆λ(T ) = λ(T ) − λ0 can provide information
on the superconducting gap structure39. In the low tem-
perature limit, conventional BCS theory for an isotropic
s-wave superconductor yields an exponential variation of
∆λ(T ):

∆λ(T )

λ0

≈

√

π∆0

2T
exp

(

−∆0

T

)

(3)

with λ0 and ∆0 the zero-temperature values of the pen-
etration depth and energy gap. In contrast, in nodal su-
perconductors the enhanced thermal excitation of quasi-
particles near the gap nodes results in a power law vari-
ation, ∆λ ∼ T n20,39,51 where the exponent n depends
on the nature of the nodes and the degree of electron
scattering.
The evolution of the low temperature TDO response of

a single crystal of Sn0.55In0.45Te is shown in Fig. 5. The
inset shows the full transition, which is very sharp, indi-
cating a high quality material. The behavior of the opti-
mally doped material can be well described by an expo-
nential dependence with a BCS-like gap value (red line)
below Tc/3, indicating that the material is a fully-gapped
superconductor, in agreement with thermal conductiv-
ity and muon-spin spectroscopy measurements26,49. Our
data extend a recent report52 to low temperatures where
Eq. 3 is actually applicable. The low gap ratio of
∆0/Tc = 1.18 is not consistent with standard BCS s-
wave theory which predicts ∆0/Tc = 1.76, but is con-
sistent with a weakly anisotropic single gap53–55 as the
temperature dependence of λ probes quasiparticle exci-
tations at the lowest activation energy.
The x ≈ 0.1 doping level is slightly above the value

separating the ferroelectric rhombohedral phase and the
cubic phase. The low temperature TDO response for a
single crystal of Sn0.9In0.1Te is shown in Fig. 6. The in-
set shows the full transition, which is very sharp. As Tc is
low we do not reach very far below the low temperature
limit of Tc/3; nevertheless, in the accessible temperature
range the data are well described by a BCS-like expo-
nential fit (red). A gap ratio of ∆0/Tc = 1.76 provides
an excellent fit to the data, suggesting a full, isotropic
BCS-like superconducting gap.
Recent theoretical studies24,56 show that only three

pairing symmetries are possible that do not sponta-
neously break any lattice symmetry, namely the A1g,
A1u, and A2u representations of D3d. A1g is even par-
ity and fully gapped and corresponds to the s-wave state
that does not allow topological behavior. A1u is odd
parity and fully gapped; A2u is odd parity and has
symmetry-protected point nodes. Our TDO measure-
ments exclude the A2u parity and point to one of the two
fully-gapped states. If there is unconventional supercon-
ductivity in Sn1−xInxTe, it must be the A1u state, consis-
tent with band structure arguments24 that suggest that
the pairing symmetry has odd parity. Recent Knight shift
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FIG. 5: Normalized low temperature frequency shift ∆f(T )
for Sn0.55In0.45Te. The BCS-like fit (red) well describes the
data. The inset shows the full, sharp transition, with no evi-
dence of other low-temperature phases.

measurements27 on a polycrystalline sample with 4% In-
doping yielded an incomplete suppression of the Knight
shift that was nevertheless larger than the expected value
for spin-triplet pairing. These results were interpreted
as signature of spin-singlet behavior. However, since
the doping level of this sample is right at the cubic-
rhombohedral transition, further studies on higher-doped
single-crystals may be needed to obtain a definite answer.
More exotic pairing symmetries would be allowed if evi-
dence of rotational symmetry breaking is seen, as is the
case in the doped Bi2Se3 family of superconductors57–59.

An open question relates to the effect of disorder scat-
tering in Sn1−xInxTe. TDO and SQUID magnetome-
try measurements following repeated irradiations with 5
MeV protons up to a high total dose of 2x1017 p/cm2 on
three crystals of Sn1−xInxTe with different doping lev-
els are shown in Fig. 7. There is essentially no or only
very small change in the transition temperature upon p-
irradiation. On a thin Sn0.55In0.45Te crystal we observed
a ∼ 67% increase of the normal state resistivity follow-
ing p-irradiation to a dose of 5x1016 p/cm2. However,
degradation of the electrical contacts prevented repeated
irradiations. The results in Fig. 7 would be in agree-
ment with expectations based on Anderson’s theorem60
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FIG. 6: Normalized low temperature frequency shift ∆f(T )
for Sn0.9In0.1Te. The BCS-like fit (red) well describes the
data. The inset shows the full, sharp transition, with no evi-
dence of other low-temperature phases.

which states that Tc of an isotropic s-wave superconduc-
tor should be unaffected by non-magnetic potential scat-
tering. However, recently it has been recognized that
due to strong spin-orbit coupling effects, Tc in topolog-
ical superconductors is surprisingly insensitive to non-
magnetic scattering61–63 regardless of the superconduct-
ing gap structure. Thus, the results presented here are
consistent with either A1g or A1u gap symmetry.

In an earlier study it was observed28 that for
Sn1−xInxTe crystals with low In-doping, Tc is higher
for samples with higher resistivity. Within conventional
Abrikosov-Gorkov theory64 and extensions thereof65, in-
creased electron scattering due to static non-magnetic
disorder is not expected to enhance Tc. Recently, it has
been proposed66 that phonon coupling at non-magnetic
Anderson-U impurities may enhance Tc. Alternatively,
an increase of Tc may also occur when competing orders
coexist and enhanced electron scattering affects the com-
peting order more than it affects superconductivity. Such
a situation may arise in the charge density wave mate-
rials 2H-TaSe2 and 2H-TaS2 where electron irradiation
causes an increase of Tc

67. In our case, Sn1−xInxTe at
low values of x is rhombohedral and displays ferroelec-
tric and superconducting order. Thus, the increase of Tc
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FIG. 7: Superconducting transitions following repeated ir-
radiations with 5 MeV protons in a crystal of underdoped
Sn0.9In0.1Te (Tc = 1.8 K) and two crystals of near-optimally
doped Sn0.55In0.45Te (Tc = 3.8 K, 4.1 K) as measured by TDO
and SQUID magnetometry, respectively. With doses up to
2x1017 p/cm2, there is essentially no change in the transition
temperature.

with increased electron scattering as reported in Ref. 28
for low-doped samples may have a similar cause as pro-
posed for TaSe2 and TaS2. The authors of Ref. 28 point
out that the correlation between disorder and Tc is much
weaker in the higher doped cubic, purely superconduct-
ing phase. Our samples presented in Fig. 7 are in this
phase. At this point no structural studies are available
that would identify the nature of the disorder giving rise
to the enhanced resistivity in the low-doped samples or
the nature of the p-irradiation induced defects.

IV. CONCLUSION

In summary, we have investigated the superconducting
properties of the topological crystalline insulator-derived
superconductor Sn1−xInxTe, and have shown it to be a
fully-gapped superconductor for x ≥ 0.10 with anisotropy
increasing with doping. Magnetic phase diagrams have
been extended to < 1K. One of the two suggested types
of odd-parity pairings (A2u) cannot describe this mate-
rial as our results rule out nodal behavior, and the re-
ports of unconventional superconductivity in the mate-
rial are thus only consistent with the A1u pairing, making
Sn1−xInxTe a strong candidate for a topological super-
conductor. Proton irradiation does not enhance Tc at any
studied doping level, indicating that increasing scatter-
ing does not enhance Tc by destroying possible compet-
ing ferroelectric interactions or odd parity pairing in the
cubic phase. To fully investigate the interplay of ferro-
electricity and superconductivity (and the possibility of
competition between odd-parity vs even parity supercon-
ductivity), further studies on samples with lower doping
will be necessary.
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