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Debarchan Das ,1 K. Kobayashi ,2 M. P. Smylie ,3 C. Mielke III ,1 T. Takahashi,2 K. Willa ,4 J.-X. Yin ,5 U. Welp,6

M. Z. Hasan,5 A. Amato,1 H. Luetkens ,1 and Z. Guguchia 1,*

1Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
2Research Institute for Interdisciplinary Science, Okayama University, Okayama 700-8530, Japan

3Department of Physics and Astronomy, Hofstra University, Hempstead, New York 11549, USA
4Institute for Solid State Physics, Karlsruhe Institute of Technology, Karlsruhe D-76021, Germany

5Laboratory for Topological Quantum Matter and Spectroscopy, Department of Physics, Princeton University,
Princeton, New Jersey 08544, USA

6Materials Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, Illinois 60439, USA

(Received 26 August 2020; revised 5 October 2020; accepted 6 October 2020; published 29 October 2020)

Recently, the niobium (Nb) doped topological insulator Bi2Se3, in which the finite magnetic moments of
the Nb atoms are intercalated in the van der Waals gap between the Bi2Se3 layers, has been shown to exhibit
both superconductivity with Tc � 3 K and topological surface states. Here we report on muon spin rotation
experiments probing the temperature and field dependence of effective magnetic penetration depth λeff (T ) in
the layered topological superconductor candidate Nb0.25Bi2Se3. The exponential temperature dependence of
λ−2

eff (T ) at low temperatures suggests a fully gapped superconducting state in the bulk with the superconducting
transition temperature Tc = 2.9 K and the gap to Tc ratio 2�/kBTc = 3.95(19). We also reveal that the ratio
Tc/λ

−2
eff is comparable to those of unconventional superconductors, which hints at an unconventional pairing

mechanism. Furthermore, time-reversal symmetry breaking was excluded in the superconducting state with
sensitive zero-field μSR experiments. We hope the present results will stimulate theoretical investigations to
obtain a microscopic understanding of the relation between superconductivity and the topologically nontrivial
electronic structure of Nb0.25Bi2Se3.

DOI: 10.1103/PhysRevB.102.134514

I. INTRODUCTION

Topological superfluidity and superconductivity are well-
established phenomena in condensed matter systems. A very
good example of a topological system is the A phase of su-
perfluid helium-3 [1], which is a charge-neutral topological
superfluid. Topological superconductors (TSCs) are special
families of those materials with unique electronic states, a full
pairing gap in the bulk, and gapless surface states consisting of
Majorana fermions (MFs) [2–6]. Due to their scientific impor-
tance and potential applications in quantum computing, MFs
have attracted much attention recently [7–9]. This stimulating
aspect of TSCs motivated the condensed matter community
to design novel topological systems by inducing supercon-
ductivity in a material with a nontrivial topological band
structure. Ways to realize TSCs include through the proximity
at the interface between s-wave superconductors and topo-
logical insulators (TIs) with large spin-orbit coupling [9], at
superconductor-magnet interfaces (1D chiral Majorana edge
states), and at SC-TI-SC Josephson junctions (1D helical
Majorana edge states). Another pathway to design TSCs is
to induce superconductivity in the bulk of TIs by doping,
intercalation, or pressure [10–14]. Currently, there are a few
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potential material candidates for bulk TSCs, obtained by fol-
lowing the latter approach: Sr2RuO4 [15], which is generally
believed to be a topological time-reversal symmetry (TRS)
breaking superconductor, the Weyl semimetal Td -MoTe2 [16],
which is reported to be a TRS-invariant topological super-
conductor, and Cu/Sr/Nb-doped Bi2Se3 created from one of
the most studied TIs, Bi2Se3 [17–24], which is reported to
be a nematic [25] superconductor. The distinguishing fea-
ture of the Bi2Se3-derived superconductors is the emergence
of a pronounced twofold in-plane anisotropy of all super-
conducting properties [26] even though the crystal structure
has threefold symmetry [Fig. 1(a)]. This so-called nematic
behavior was ascribed to an unconventional odd-parity two-
component superconducting order parameter of Eu symmetry
which preserves time-reversal symmetry [14,25,27,28]. The
two components, �4x and �4y, are characterized by two in-
plane point nodes and deep minima, respectively, defining the
nematic axis.

In this framework, the Nb-doped Bi2Se3 system ap-
pears to be unique because macroscopic magnetic ordering
below the superconducting critical temperature of 3.2 K
has been reported [29], indicating a spontaneous spin ro-
tation symmetry breaking of the Nb magnetic moments
and TRS breaking. Nevertheless, detailed experimental stud-
ies involving magnetoresistance, surface-sensitive penetration
depth measurements, and Andreev reflection spectroscopy
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FIG. 1. Crystal structure and bulk superconducting transition for Nb0.25Bi2Se3. (a) Crystal structure of Nb-doped Bi2Se3 emphasizing the
position of Nb intercalation between Bi2Se3 layers (highlighted as quintuple layer). (b) Temperature dependence of DC magnetic susceptibility
(left axis) in H (‖ c) = 1 mT and zero-field superconducting part of the specific heat divided by temperature (right axis) for the single-crystalline
sample of Nb0.25Bi2Se3. The susceptibility and specific-heat measurements show similar transition temperature (∼2.9 K).

corroborate the existence of a nematic phase in the Nb-doped
Bi2Se3 system [21,22,30–32]. Due to the relatively large su-
perconducting volume fraction in Nb-doped Bi2Se3 compared
to its Cu counterpart, it can be an ideal material to investi-
gate the superconducting properties in detail enabling further
insight into the physics of TSCs. However, there are limited
experimental studies reported exploring the bulk supercon-
ducting properties of this system. Thus, thorough exploration
of superconductivity on the microscopic level in the bulk
of Nb0.25Bi2Se3 from both experimental and theoretical per-
spectives is required. In this regard, we concentrate on muon
spin rotation/relaxation/resonance (μSR) measurements of
the magnetic penetration depth λ in Nb0.25Bi2Se3, which is
one of the fundamental parameters of a superconductor, since
it is related to the superfluid density ns via 1/λ2 = μ0e2ns/m∗
(where m∗ is the effective mass). Most importantly, the tem-
perature dependence of λ is particularly sensitive to the
structure of the SC gap. Moreover, zero-field μSR is a very
powerful tool for detecting a spontaneous magnetic field due
to TRS breaking in exotic superconductors, because internal
magnetic fields as small as 0.1 G are detected in measurements
without applying external magnetic fields.

We report on fully gapped and a time-reversal in-
variant superconducting state in the bulk of topological
system Nb0.25Bi2Se3. We evaluated the higher limit of the
zero-temperature penetration depth to be ∼930(10) nm.
Interestingly, the Tc/λ

−2
eff ratio is comparable to those of un-

conventional superconductors. The relatively high Tc for small
carrier density may hint at an unconventional pairing mecha-
nism in Nb0.25Bi2Se3.

II. EXPERIMENTAL DETAILS

The details of the synthesis of the single-crystal samples of
Nb0.25Bi2Se3 are reported elsewhere [23]. High-purity sam-

ples were produced by properly selecting the crystals from
the melt. Magnetization, x-ray diffraction, and specific-heat
experiments were performed on the single crystals, while
μSR experiments were measured on powdered crystals from
the same batch. X-ray diffraction analysis confirmed that the
synthesized samples are single-phase materials. There is no
trace of BiNbSe3 phase in our sample. The magnetization
measurements were performed in a commercial SQUID mag-
netometer (Quantum Design MPMS-XL). AC specific heat
was measured on a SiN membrane-based nanocalorimeter
platform [33]. The temperature dependence of the supercon-
ducting contribution [34] (the normal-state electronic specific
heat is subtracted) was extracted by subtracting data with
H (‖ c) = 1 T from the zero-field data [35]. The specific heat
was scaled to match the published data [32] in the normal
state as a precise determination of the sample volume was not
possible due to the small mass of the sample.

Transverse-field (TF) and zero-field (ZF) μSR experiments
were performed at the πE1 beamline of the Paul Scherrer In-
stitute (Villigen, Switzerland), using the Dolly spectrometer.
The sample was pressed into a 5 mm pellet and mounted on
a Cu holder using GE varnish. This holder assembly was then
fixed to the 3He cryostat. The spectrometer is equipped with a
standard veto setup providing a low-background μSR signal.
All TF experiments were carried out after a field-cooling
procedure in the temperature range of 0.26–5 K. The μSR
time spectra were analyzed using the free software package
MUSRFIT [36].

III. RESULTS

Figure 1(a) shows the anisotropic layered rhombohedral
crystal structure of Nb-intercalated Bi2Se3. Nb atoms are
residing in the van der Waals gap between adjacent Bi2Se3

quintuple Se-Bi-Se-Bi-Se layers (five covalently bonded
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FIG. 2. Zero-field (ZF) and transverse-field (TF) μSR time spectra for Nb0.25Bi2Se3. Zero-field μSR (a) and transverse-field (b) μSR
time spectra obtained above and below Tc for Nb0.25Bi2Se3 (after field-cooling the sample from above Tc). Inset of (a) shows the temperature
dependence of the electronic relaxation rate measured in zero magnetic field of Nb0.25Bi2Se3 with Tc ∼ 3 K. Error bars are the standard error
of the mean in about 106 events. The error of each bin count n is given by the standard deviation of n. The errors of each bin in A(t ) are then
calculated by standard-error propagation.

atomic sheets) as shown in the figure. The quintuple layers
are weakly bonded together by van der Waals interaction.
The left axis of Fig. 1(b) shows the temperature dependence
of field-cooled (FC) and zero-field-cooled (ZFC) magnetic
susceptibility χ (T ) for the single crystal in an applied mag-
netic field of H (‖ c) = 1 mT. A clear diamagnetic transition
appears in both FC and ZFC plots with a critical temperature
Tc � 2.9 K and with 100% superconducting volume fraction,
confirming the onset of bulk superconductivity in studied
Nb0.25Bi2Se3. To elucidate the intrinsic and bulk nature of
this superconducting phase transition, we measured specific
heat on a single-crystalline sample of Nb0.25Bi2Se3. The right
axis of Fig. 1(b) shows the temperature variation of the su-
perconducting contribution to the specific heat divided by the
temperature which exhibits a prominent steplike anomaly at
Tc, indicating bulk superconductivity in this system.

First, we have carried out ZF-μSR experiments above and
below Tc to search for possible magnetism (static or fluc-
tuating) in Nb0.25Bi2Se3. As shown in Fig. 2(a), no sign of
either static or fluctuating magnetism could be detected in ZF
time spectra down to 0.4 K. The ZF-μSR spectra can be well
described by a damped Gaussian Kubo-Toyabe depolarization
function [37], reflecting the field distribution at the muon
site created by the nuclear moments. Moreover, no change in
ZF-μSR relaxation rate across Tc was observed [see inset of
Fig. 2(a)], pointing to the absence of any spontaneous mag-
netic fields associated with a TRS [15,38] breaking pairing
state in Nb0.25Bi2Se3. This demonstrates that there is, in fact,
no magnetic ordering in Nb0.25Bi2Se3.

Figure 2(b) represents the TF-μSR spectra for
Nb0.25Bi2Se3, measured in an applied magnetic field of
10 mT above (5 K) and below (0.26 K) the SC transition
temperature Tc. Above Tc the oscillations show a small
relaxation due to the random local fields from the nuclear
magnetic moments. At 0.26 K, the relaxation rate increases
due to the presence of a nonuniform local field distribution as
a result of the formation of a flux-line lattice (FLL) in the SC

state. As indicated by solid lines in Fig. 2(a), TF-μSR data
were analyzed by using the following functional form [36]:

ATFS (t ) = ASe[− (σ2
sc+σ2

nm )t2

2 ] cos(γμBintt + ϕ). (1)

Here AS denotes the initial asymmetry, γμ/(2π ) � 135.5
MHz/T is the muon gyromagnetic ratio, and ϕ is the initial
phase of the muon-spin ensemble. Bint represents the internal
magnetic field at the muon site; the relaxation rates σsc and
σnm characterize the damping due to the formation of the FLL
in the SC state and of the nuclear magnetic dipolar contri-
bution, respectively. During the analysis σnm was assumed to
be constant over the entire temperature range and was fixed
to the value obtained above Tc where only nuclear magnetic
moments contribute to the muon depolarization rate σ .

In Fig. 3(a), σsc is plotted as a function of temperature for
Nb0.25Bi2Se3 at μ0H = 0.01 T. Below Tc the relaxation rate
σsc starts to increase from zero due to the formation of the
FLL and shows the saturation toward the low temperatures.
We show in the following paragraph that the observed tem-
perature dependence of σsc, which reflects the topology of
the SC gap, is consistent with the presence of the single SC
gap on the Fermi surface of Nb0.25Bi2Se3. It is interesting to
note that below Tc, we observed a paramagnetic shift of the
internal magnetic field Bint, sensed by the muons, instead of
the expected diamagnetic shift imposed by the SC state. This
is evident in Fig. 3(b), where we plot the difference between
the internal field Bint,SC measured in the SC state and one
Bint,NS measured in the normal state T = 5 K.

To proceed with a quantitative analysis, we note that the
temperature dependence of the London magnetic penetration
depth λ(T ) is related to the muon spin depolarization rate
σsc(T ) in the presence of a perfect triangular vortex lattice by
the equation [39,40]

σ 2
sc(T )

γ 2
μ

= 0.00371
	2

0

λ4(T )
, (2)
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FIG. 3. Superconducting muon spin depolarization rate σsc and
the field shift for Nb0.25Bi2Se3. (a) Temperature dependence of the
superconducting muon spin depolarization rate σsc measured in an
applied magnetic field of μ0H = 0.01 T for Nb0.25Bi2Se3. The error
bars represent the standard deviation of the fit parameters. (b) Tem-
perature dependence of the difference between the internal field
μ0HSC measured in the SC state and the one measured in the normal
state μ0HNS at T = 5 K for Nb0.25Bi2Se3.

where 	0 = 2.068 × 10−15 Wb is the magnetic-flux quantum.
Equation (2) is only valid when the separation between the
vortices is smaller than λ. In this case, according to the Lon-
don model, σsc is field independent [39].

To investigate the superconducting gap structure of
Nb0.25Bi2Se3, we analyzed the T dependence of the magnetic
penetration depth, λ(T ), which is directly associated with the
superconducting gap. λ(T ) can be described within the local
(London) approximation (λ � ξ ) by the following expres-
sion [36,41]:

λ−2(T,�0,i )

λ−2(0,�0,i )
=1+ 1

π

∫ 2π

0

∫ ∞

�(T,ϕ )

(
∂ f

∂E

)
EdEdϕ√

E2 − �i(T, ϕ)2
,

(3)
where f = [1 + exp(E/kBT )]−1 is the Fermi function, ϕ

is the angle along the Fermi surface, and �i(T, ϕ) =
�0,i�(T/Tc)g(ϕ) (�0,i is the maximum gap value at T =
0). The temperature dependence of the gap is approxi-
mated by the expression �(T/Tc) = tanh {1.82[1.018(Tc/T −
1)]0.51} [42], while g(ϕ) describes the angular dependence
of the gap and it is replaced by 1 for an s-wave gap,
[1 + a cos(4ϕ)/(1 + a)] for an anisotropic s-wave gap, and
| cos(2ϕ)| for a d-wave gap [43].
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FIG. 4. Temperature and field evolution of λ−2 for Nb0.25Bi2Se3.
(a) The temperature dependence of λ−2 for Nb0.25Bi2Se3, measured
in an applied field of μ0H = 0.01 T. The solid black line cor-
responds to a single-gap BCS s-wave model. The dashed purple
line corresponds to anisotropic s-wave model. The dashed red line
corresponds to clean-limit d-wave model. The dashed blue line cor-
responds to a dirty-limit d-wave model [a power law 1 − (T/Tc )n

with n = 2]. The error bars are calculated as the standard error of
the mean. (b) Field dependence of the superconducting muon spin
depolarization rate σsc.

As seen in Fig. 4(a), the experimentally obtained λ(T )
dependence is best described by a momentum-independent
s-wave model with a gap value of � = 0.49(1) meV and
Tc = 2.86(2) K. We note that Tc obtained from μSR is very
close to those derived from susceptibility and specific-heat
measurements [see Fig. 1(b)]. An anisotropic s-wave model,
which would be consistent with the recently proposed fully
gapped �4y case, where the superconducting gap has deep
minima along the kx direction, describes the experimental data
but only with small angular variation of the gap [a = 0.11(9)].
We note that the (px + ipy) pairing symmetry is also charac-
terized by the full gap in 2D systems and would also give
saturated behavior at low temperatures. However, the possi-
bility of px + ipy pairing is excluded by the absence of the
TRS-breaking state. Also d-wave gap symmetry was tested,
but was found to be inconsistent with the data [for example,
see the dashed line in Fig. 4(a)]. In particular, it is difficult to
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account for the very weak temperature dependence of λ(T )
at low T within such models. We also tested the power law
[1 − (T/Tc)2] which has been proposed theoretically [44] for
the superfluid density of dirty d-wave superconductors and
found it to be inconsistent with the data [see Fig. 4(a)]. This
leaves a nodeless or fully gapped state as the most plausible
bulk SC pairing state in the bulk of Nb0.25Bi2Se3. It should
be noted, though, that saturation of the muon depolariza-
tion rate can arise under certain conditions even in nodal
superconductors [45–49] and that in such cases extensions
beyond Eq. (2) may be required to extract the superfluid
density. In this particular case, a fully gapped state is sub-
stantiated by the field-dependent measurements. Figure 4(b)
shows the obtained field dependence of σsc at 250 mK. Each
point was obtained by field-cooling the sample from above
Tc to 250 mK. As expected from the London model one
observes the maximum at 10 mT. Above 10 mT, σsc decreases
with increasing magnetic field. This appears consistent with
a behavior expected for the s-wave superconductor for an
ideal triangular vortex lattice [39]. Taking into account the
critical field of 0.9 T, the theoretical s-wave behavior has
been calculated according to the Brandt formula [39]. It is
shown by the solid black line in Fig. 4(b), which agrees well
with the experimental data. The model with nodes in the gap
(dashed blue line), taking into account nonlocal effects [47],
was also tested and found to be inconsistent with the data.
Thus, the combination of temperature and field dependent
measurements of σsc provides strong evidence for the fully
gapped state. The ratio of the SC gap to Tc was estimated
to be (2�/kBTc) � 3.95, which is consistent with the strong-
coupling limit BCS expectation [16]. However, a similar
ratio can also be expected for the Bose-Einstein condensa-
tion (BEC) like picture. It is important to note that the ratio
�/kBTc does not effectively distinguish between BCS or BEC
condensation. Having in mind 100% SC volume fraction, the
effective penetration depth, λeff , at zero temperature is found
to be 930(10) nm. Such a high value of λeff was also estimated
previously for other sister compounds, namely Cu and Sr
doped Bi2Si3 [24,50,51]. In view of the short coherence length
and relatively large mean-free path l ∼ 50 nm [20], we can as-
sume that Nb0.25Bi2Se3 lies close to the clean limit. With this
assumption, we obtain the ground-state value of the carrier
density ns/(m∗/me) � 0.25 × 1026 m−3. This density is by
factor of ∼ 7 smaller than the one 1.67 × 1026 m−3 obtained
for the unconventional Weyl superconductor Td -MoTe2 [16]
with the similar Tc. This fact indicates the relatively high
Tc for a small number of carriers and the Tc/λ

−2
eff ratio is

comparable to those of high-temperature unconventional su-
perconductors [52,53].

In order to support the conclusion derived from μSR
investigation, we have performed an analysis of the supercon-
ducting part of the specific heat. The superconducting part of
the specific heat Cel (= CS − CN ) is related to the the entropy
Ssc in the superconducting state by the relation Cel = T ( δSsc

δT ).
Now, within the formulation of BCS theory, Ssc can be written
as [54,55]

Ssc = − 3γn

κBπ3

∫ 2π

0

∫ ∞

0
[(1 − f ) ln(1 − f ) + f ln f ]dεdφ,

(4)
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FIG. 5. Temperature evolution of specific heat for Nb0.25Bi2Se3.
Temperature evolution of the electronic part of specific heat fitted
with single s-wave gap model (solid line).

where γn is the normal-state Sommerfeld coefficient, and f is
the Fermi function with energy E =

√
ε2 + �2(φ, T ). There-

fore, applying the same methodology as adapted for analyzing
λ(T ), we can analyze the specific-heat data. Figure 5 depicts
that, over the range of measured temperature, the supercon-
ducting contribution to the specific heat can also be modeled
by a fully gapped s-wave picture, yielding �/kBTc = 1.9,
consistent with the μSR measurements. However, this result
has to be taken cautiously since we could not access the
low-temperature region of the specific heat.

IV. DISCUSSION

One of the findings of this paper is the absence of mag-
netism and time-reversal symmetry breaking state in the bulk
of Nb0.25Bi2Se3 below Tc, classifying this system as a non-
magnetic and time-reversal invariant superconductor. This is
in contrast with a previous report [29] which suggested a
TRS-breaking state with triplet chiral p-wave pairing. Such
conclusion was made based on the observation of anomalous
Hall resistivity below Tc and taking into account some theoret-
ical aspects of impurity scattering in p-wave superconductors.
The discrepancy between our results and the previous report
might be related to the fact that the Hall response may contain
surface effects, while with μSR we are probing deep in the
bulk. In addition, the anomalous Hall response within the
SC state may originate not from magnetism but rather from
an intrinsic topological band structure and Berry curvature
effects.

In addition to the TRS-invariant SC state, another in-
teresting observation is the fact that the Tc/λ

−2
eff ratio for

Nb0.25Bi2Se3 is comparable to those of high-temperature un-
conventional superconductors. Within the picture of BEC to
BCS crossover [52,53], systems exhibiting small Tc/λ

−2
eff ∼

0.00025–0.015 are considered to be on the BCS-like side,
while the large value of Tc/λ

−2
eff ∼ 1–20 and the linear rela-

tionship between Tc and λ−2
eff is expected only on the BEC-like

side and is considered a hallmark feature of unconventional
superconductivity. This approach has in the past been used
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for the characterization of BCS-like (so-called conventional)
and BEC-like (so-called unconventional) superconductors.
The presented results on Nb0.25Bi2Se3 demonstrate the ra-
tio Tc/λ

−2
eff ∼ 2.5, which is close to the one Tc/λ

−2
eff ∼ 4 for

hole-doped cuprates. This result provides strong evidence
for an unconventional pairing mechanism in Nb0.25Bi2Se3, a
system which exhibits the topologically nontrivial electronic
structure. In addition, there are few other signatures of un-
conventional superconductivity in Nb0.25Bi2Se3: namely, (1)
similar to other unconventional superconductors, the multiple-
orbit nature of the electronic state [56] was observed in
Nb0.25Bi2Se3, which might point to Fermi surface nesting as
a possible superconducting mechanism; (2) the emergence
of a pronounced twofold in-plane anisotropy of all super-
conducting properties and power-law temperature dependence
of the penetration depth at the surface [21,22]; (3) unusual
paramagnetic shift (this work); (4) a substantial increase in
electron scattering by disorder is required to suppress Tc

in Nb0.25Bi2Se3, far larger than anticipated via conventional
theory [22]; (5) Nb0.25Bi2Se3 manifests a very unusual up-
per critical field behavior signaling an unconventional nature
of the superconducting state in this compound [23]. Simi-
lar to many unconventional superconductors, including the
topological Weyl superconductor Td -MoTe2 [16], we ob-
served a fully gapped superconducting state in the bulk of
Nb0.25Bi2Se3. The combination of unconventional supercon-
ductivity, fully gapped SC, and TRS-invariant state in the bulk
of Nb0.25Bi2Se3 can be consistent with the particular class
of topological superconducting phase belonging to the same
symmetry as the Balian-Werthamer state [57], i.e., similar
to the B phase of 3He. Note that we observed only one SC
gap in this multiband system Nb0.25Bi2Se3. ARPES and Hall
effect measurements revealed the n-type conductivity in the
normal state of Nb0.25Bi2Se3 and suggested that a single type
of electron carrier is dominant with the normal-state carrier
density [29,56] ne � 1.5 × 1026 m−3. The Hall carrier density
is generally an order of magnitude larger than the carrier
density given by the ellipsoidal Fermi surfaces. The carrier
density of the ellipsoidal Fermi surfaces was reported [56]
ne � 2.6 × 1025 m−3 for Nb0.25Bi2Se3. It is interesting that
the SC carrier density ns (using m∗/me = 0.26, the maximum
value from Ref. [56]) � 0.7 × 1025 m−3, which we estimated
for Nb0.25Bi2Se3 is very close to the normal-state electron
density, indicating that the superconductivity stems mostly
from electron carriers. Thus, the single-gap superconductivity
in Nb0.25Bi2Se3 may be explained by the superconducting gap
occurring only on the electron-like Fermi surface.

Regarding the gap symmetry in Nb0.25Bi2Se3, using the
tunnel-diode oscillator (TDO) technique Smylie et al. [21,22]
showed that change in London penetration depth �λ(T ) fol-
lows a power-law �λ(T ) ∼ T 2 dependence indicating the
presence of symmetry-protected point nodes. However, it has
to be noted that TDO is a surface-sensitive technique whereas
μSR is a bulk probe. More precisely, the response of a su-
perconductor in the Meissner state to an AC electromagnetic
field with frequency far below the gap frequency is described
by the temperature-dependent anisotropic London penetration
depth [58]. Therefore, in a TDO experiment, only material in
the near-surface area on the order of a few λ is probed while
in a μSR experiment the whole sample volume is probed.

The μSR experiments presented here yield an upper limit of
lambda of ∼900 nm, while previous determinations based on
measurements of the lower critical field yielded ∼250 nm for
the in-plane penetration depth [21]. Typically, TDO measure-
ments are interpreted as representing the bulk behavior of the
superconductor. However, recent theoretical analysis by Wu
et al. [59] suggests that the formation of a surface state at the
surface of a topological superconductor causes an effective
penetration depth describing the electromagnetic fields near
the surface which contains a correction term with power-law
temperature dependence. The authors considered the fully
gapped SC state in the bulk. In addition to the bulk-dominated
London response, they identified an additional �λ(T ) ∼ T 3

power-law-in-temperature contribution from the surface, valid
in the low-temperature limit, and it was argued that the power-
law temperature dependence of the penetration depth can be
one indicator of topological superconductivity. Since TDO
probes the near-surface electromagnetic fields it will sense this
correction and nonexponential temperature dependence while
this will go completely unnoticed in μSR or specific heat.
Currently, it is not clear why the large in-plane anisotropy,
which is an established bulk effect in Nb0.25Bi2Se3, is not
reflected in the bulk SC gap structure. Future work will be
needed to address this important issue.

Finally, the observation of the paramagnetic shift in the
SC state of Nb0.25Bi2Se3, instead of the expected diamagnetic
shift imposed by the SC state, deserves some attention. In
general, the paramagnetic shift can have few possible causes:
field-induced magnetism [60,61], vortex disorder [62], odd-
frequency superconducting state [63], and by the suppression
of the negative Knight shift below Tc due to singlet pair-
ing. Considering the absence of any trace of magnetism in
Nb0.25Bi2Se3 and the symmetric line shape from TF-μSR,
magnetism and disorder effects can be excluded as being the
origin of the observed paramagnetic shift. The shape of the
σsc(T ) is also not consistent with odd-frequency supercon-
ducting pairing. Additional experiments are needed to explore
the origin of such an unconventional paramagnetic shift in
Nb0.25Bi2Se3.

V. CONCLUSIONS

In conclusion, we provide a microscopic investigation of
the superconductivity in the layered topological superconduc-
tor candidate Nb0.25Bi2Se3 with a bulk probe. Specifically, the
zero-temperature magnetic penetration depth λeff (0) and the
temperature as well as the field dependence of λ−2

eff were stud-
ied by means of μSR experiments. The superfluid density can
be described in a scenario of a complete gap. However, future
work will explore the relation between the measured muon de-
polarization rate and the penetration depth in anisotropic and
possibly inhomogeneous systems. Interestingly, the Tc/λ

−2
eff

ratio is comparable to those of high-temperature unconven-
tional superconductors, pointing to the unconventional nature
of superconductivity in Nb0.25Bi2Se3. Furthermore, μSR,
which is an extremely sensitive magnetic probe, does not show
evidence of any spontaneous magnetic fields that would be
expected for a TRS-breaking state in the bulk of Nb0.25Bi2Se3.
Our results classify Nb0.25Bi2Se3 as an unconventional time-
reversal invariant and fully gapped bulk superconductor.
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