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We present resistivity and magnetization measurements on proton-irradiated crystals demon-
strating that the superconducting state in the doped topological insulator NbxBi2Se3 (x = 0.25)
is surprisingly robust against disorder-induced electron scattering. The superconducting transition
temperature Tc decreases without indication of saturation with increasing defect concentration, and
the corresponding scattering rates far surpass expectations based on conventional theory. The low-
temperature variation of the London penetration depth ∆λ(T ) follows a power law (∆λ(T ) ∼ T 2)
indicating the presence of symmetry-protected point nodes. Our results are consistent with the
proposed robust nematic Eu pairing state in this material.

Topological superconductors have attracted consider-
able interest1–6 since they host gapless surface quasi-
particle excitations in the form of Majorana fermions.
The non-Abelian braiding properties of Majorana
fermions constitute the basis for novel approaches to
fault-tolerant quantum computing7,8. The synthesis of
topological superconductors is being pursued along two
lines: proximity induced at the interface between con-
ventional superconductors and certain semiconductors
with large spin-orbit coupling8, or as bulk material ob-
tained by doping topological insulators, for instance
Sn1−xInxTe

9–11 and MxBi2Se3 (M=Cu, Sr, Nb)12–14.
The emergence of topological superconductivity is de-

termined by the symmetries and dimensionality of the
material. In centro-symmetric and time-reversal invari-
ant superconductors with complete gap15,16 or with nodal
gap16–18, the superconducting state will have non-trivial
topological characteristics if superconducting pairing has
odd-parity, ∆(-k) = -∆(k), and if the Fermi surface con-
tains an odd number of time-reversal invariant momenta,
k = -k + G with G a reciprocal lattice vector. For weak
spin-orbit coupling (i.e., spin is a good quantum num-
ber), odd-parity pairing corresponds to spin-triplet pair-
ing. Odd-parity pairing has been observed in the B-phase
of superfluid 3He19 and is thought to be realized in sev-
eral strongly correlated electron systems such as UPt3
or UBe13

20,21 as well as Sr2RuO4
22. In contrast, conven-

tional s-wave superconductors are not topological and do
not support the Majorana surface mode.
An important unsettled question regarding the real-

ization of topological superconductivity relates to its
robustness against disorder in the material. The ef-
fect of electron scattering due to impurities and de-
fects on the superconducting state crucially depends on
the structure of the superconducting gap. Whereas an
isotropic fully gapped s-wave state is robust against po-
tential scattering due to nonmagnetic impurities23,24,
unconventional superconductors are rather sensitive to
disorder25; therefore, one may have expected that topo-

logical superconductivity could only be achieved in ex-
tremely clean samples. However, recent theoretical
considerations26–28 show odd-parity topological super-
conductivity with strong spin-orbit coupling may in fact
be robust against disorder. Here, we present a study
of the evolution of Tc, of the low-temperature London
penetration depth λ, and of the resistivity of the candi-
date topological superconductor NbxBi2Se3 with increas-
ing disorder as introduced by proton irradiation. In the
covered temperature range (T/Tc ≥ 0.12) the temper-
ature variation of λ(T ) of the pristine samples as well
as of all irradiated crystals is quadratic, ∆λ(T ) ∼ T 2,
indicative of symmetry-protected point nodes. Tc is sup-
pressed with increasing proton dose in all crystals, with
no trend towards saturation at high doses. Concurrently,
the residual resistivity, ρ0, increases strongly. Within the
conventional Abrikosov-Gor‘kov theory24, such increase
of ρ0 would induce two orders of magnitude stronger sup-
pression of Tc, which suggests that the superconducting
state is indeed robust against impurity scattering, con-
trary to more conventional nodal superconductors.

High-quality crystals of NbxBi2Se3 with nominal
x=0.25 composition were grown by the same method
used in Ref. 14, and show high superconducting volume
fractions approaching 100% as deduced from magnetiza-
tion measurements, consistent with previous reports14,29.
NbxBi2Se3 has the same trigonal space group R3̄m as the
parent compound Bi2Se3, with slightly expanded c axis to
accommodate the Nb ion interstitially between adjacent
Bi2Se3 quintuple layers (see Fig. 1). A recent doping de-
pendence study30 indicates that at high values of x > 0.3,
Nb atoms may also be incorporated substitutionally into
the Bi2Se3 lattice. All samples were repeatedly irradiated
along the c axis with 5 MeV protons using the tandem
Van de Graaff accelerator at Western Michigan Univer-
sity. TRIM simulations31 for our irradiation geometry
show that 5-MeV protons completely traverse the sam-
ple, and that defect generation is uniform through the
thickness of the samples. Irradiation with MeV-protons
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FIG. 1: a) The crystal structure of NbxBi2Se3 derived from
an ABC stacking of hexagonal sheets of Bi (green) and Se
(red) atoms. The Nb ions (blue) sit in the van der Waals gap
between quintuple layers of Bi2Se3 [21]. b) View down the c
axis, the y axis is chosen to lie in the mirror plane. c) and
d) Schematic presentations of the effect of defect scattering
on an s-wave gap with deep minima (c) and with symmetry-
protected point nodes (d). Dark and light blue represent the
gap amplitude before and after introduction of scattering, re-
spectively.

creates a distribution of defects including point defects in
the form of interstitial-vacancy pairs as well as collision
cascades and clusters32–34.

We performed ac-susceptibility and London penetra-
tion depth measurements using the tunnel-diode os-
cillator (TDO) technique35 employing a custom-built
TDO operating at 14.5 MHz. Here, the change in
the resonator frequency ∆f(T ) is proportional to the
change of the London penetration depth ∆λ(T ) such that
∆f(T )/∆f0 = G∆λ(T )/λ0, where G is a calibration fac-
tor, ∆f0 is the total frequency change occuring between
the lowest temperature and Tc, and λ0 = λ(T = 0). All
crystals measured here showed Tc ≈ 3.4 K in the pristine
state with minimal sample-to-sample variation.

In Fig. 2, the temperature dependence of the resistiv-
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FIG. 2: Low-temperature resistivity of a single crystal of
NbxBi2Se3 showing suppression of Tc and increase in the
residual resistivity ρ0 following multiple irradiations. The in-
set shows the resistivity up to room temperature with little
change in curvature following repeated doses.

ity for multiple irradiation levels measured up to room
temperature is shown in the inset. The irradiation does
not significantly affect the curvature of ρ vs T , but in-
stead offsets the curves, consistent with an increase in
residual resistivity ρ0. As the cumulative proton dose
is increased, the transition temperature is clearly sup-
pressed and the residual resistivity ρ0, taken as the ef-
fectively temperature-independent value of the resistivity
just above the transition onset, increases strongly. For all
doses, the transitions remain reasonably sharp, indicat-
ing single-phase behavior throughout. The temperature
dependent normalized magnetic susceptibility as deter-
mined from the TDO frequency shift of one sample is
shown in Fig. 3 for multiple irradiation doses. The su-
perconducting transition temperature Tc is clearly sup-
pressed with each dose. Nevertheless, the transitions re-
main sharp even at the highest cumulative irradiation
dose. No secondary transitions from possible supercon-
ducting contaminants Nb or NbSe2 were observed at
higher temperatures.

Fig. 4 shows the low-temperature variation of the pen-
etration depth ∆λ(T ) of a NbxBi2Se3 crystal irradiated
to several cumulative doses versus reduced temperature
squared, (T/Tc)

2. These data reveal that in the measured
temperature range the penetration depth has a quadratic
temperature dependence, ∆λ(T ) ∼ T 2 for all doses of ir-
radiation. The low-temperature variation of the London
penetration depth is determined by the distribution and
scattering of thermally activated quasi-particles on the
Fermi surface. For an isotropic s-wave superconductor,
∆λ(T ) at sufficiently low temperatures follows an expo-

nential variation, ∆λ(T )/λ0 ≈
√

π∆0/2Texp(−∆0/T )
where ∆0 is the zero temperature value of the energy
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FIG. 3: Normalized magnetic susceptibility of a single crystal
of NbxBi2Se3 as a function of temperature for various values
of cumulative p-irradiation dose. The transition temperature
Tc is clearly suppressed with each dose given in p/cm2.

gap. Nodes in the gap, however, will induce enhanced
thermal excitation of low-lying quasi-particles, resulting
in a power-law variation, ∆λ ∼ T n, with the exponent
depending on the type of node and on electron scatter-
ing. In particular, a quadratic temperature dependence is
expected in a clean material with linear quasiparticle dis-
persion around point nodes in the superconducting gap21.
The observation36 of quantum oscillations in NbxBi2Se3
crystals similar to those used here shows that the unirra-
diated samples are fairly clean. Hence the quadratic tem-
perature dependence of λ is indicative of point nodes37.

As shown in Fig. 4, the temperature dependence of
λ remains quadratic with increasing disorder. This find-
ing is consistent with a theoretical analysis of the effect
of impurity scattering on the gap structure of p-wave
superconductors21. For the axial p-wave gap (two point
nodes) impurity scattering rates below a critical value
do not affect the T 2-dependence. In contrast, the linear
temperature dependence of λ expected for the polar p-
wave gap (equatorial line node) is expected to be strongly
affected by impurity scattering.

A T 2-dependence of λ could also arise in an anisotropic
s-wave gap with deep gap minima such that the min-
imum gap is significantly smaller than the measure-
ment temperature. However, potential scattering will
make an anisotropic s-wave gap more isotropic implying
an increase in the minimum gap value with increasing
scattering38,39 (see Fig. 1c) thereby altering the low-
temperature variation of the penetration depth. In con-
trast, as symmetry-imposed nodes in the gap cannot be
removed by electron scattering, the gap amplitude de-
creases rapidly with increasing scattering rate while the
overall gap structure remains unchanged as indicated in
Fig. 1d. Therefore, the persistent T 2-variation in the
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FIG. 4: Low-temperature variation of the London penetration
depth ∆λ(T ) in a single crystal of NbxBi2Se3 for multiple
values of cumulative irradiation dose vs reduced temperature
squared (T/Tc)

2. The linear fits (red, black lines) indicate
quadratic behavior. As the dose increases, the temperature
dependence remains quadratic, indicative of point nodes in
the superconducting gap. Data are off-set vertically for clarity
of presentation. The top axis shows the corresponding T/Tc

values.

data in Fig. 4 rules out an anisotropic s-wave gap with
deep minima, and is further support for an unconven-
tional superconducting gap in NbxBi2Se3.

Theoretical analysis of Bi2Se3-based
superconductors15,40,41 shows that strong spin-orbit
coupling can induce unconventional pairing symmetries
in time-reversal symmetric systems, even if the pairing
is mediated by conventional electron-phonon coupling.
In particular, in a two-orbital model with short-range
pairing interactions four pairing states that transform ac-
cording to the four irreducible representations of the D3d

crystal point group of NbxBi2Se3 were identified. One is
the fully symmetric conventional s-wave state, whereas
the other three have odd-parity pairing. Among the
latter, the state that corresponds to the two-dimensional
representation Eu has attracted considerable attention
as it allows for a nematic state that would account
for the surprising two-fold symmetry that emerges in
several quantities below Tc

40, i.e., the Knight shift and
specific heat in CuxBi2Se3

6,42, magneto-transport43,44

in SrxBi2Se3, and magnetic torque29 in NbxBi2Se3. The
gap structure of the Eu-state depends on the orientation
of the nematic director n (see Fig. 1); for n along an
x-axis (perpendicular to the mirror plane) the ∆4x state
is realized with two symmetry-protected point nodes
along ky , whereas for n along a y-axis (parallel to the
mirror plane) the ∆4y state emerges with gap minima
along kx

40. A detailed study analogous to38,39 of the
response of the gap minima in the ∆4y state to electron
scattering has not been discussed yet in the literature to
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FIG. 5: Evolution of Tc with proton irradiation for sev-
eral crystals of NbxBi2Se3, as measured via transport (di-
amonds) and magnetic susceptibility (circles). The mus-
tard diamonds and red circles are derived from the sam-
ples shown in Fig. 2 and 3, respectively. The inset shows
Tc/Tc0 versus proton dose, whereas the main panel displays
the same data as function of increase in residual resistiv-
ity, ∆ρ0 (lower x-axis) and normalized scattering rate, gλ

(top x-axis). For comparison, the Tc/Tc0 data versus gλ of
p-irradiated BaFe2(As1−xPx)2 (dashed line), He+-irradiated
YBCO (red line), and the Abrikosov-Gor‘kov prediction for
Tc/Tc0 versus g on a 100x expanded scale (green line) are
included.

our knowledge. However, Fig. 4 shows that at reduced
temperatures as low as 0.12 there is no indication of
deviation from the T 2-dependence of λ which would
imply a very large ratio of maximum and minimum gap
in a possible ∆4y state of more than 10. Thus, while it
is difficult to rule out ∆4y completely, our results point
towards the ∆4x state as the superconducting ground
state of NbxBi2Se3.

Fig. 5 summarizes the evolution of Tc with increas-
ing proton irradiation dose as determined from resistiv-
ity and ac-susceptibility measurements. For the trans-
port measurement samples, the increase of the residual
resistivity, ∆ρ0, is directly obtained (see Fig. 2), whereas
for the TDO samples, the ∆ρ0 values corresponding to
a given p-dose are inferred from a fit of ∆ρ0 versus pro-
ton dose data obtained from the transport samples. Al-
though there is some scatter in the data, the Tc values
of all NbxBi2Se3 samples follow a smooth trend towards
Tc = 0 with increasing dose without any indication of
saturation. The lack of saturation reinforces a model
of odd-parity superconductivity in NbxBi2Se3 as for an
anisotropic s-wave gap, Tc would be expected to saturate
at a value corresponding to the average gap.

Further analysis of the data in Fig. 5 is based

on the Abrikosov-Gor‘kov (AG) theory of pair-breaking
scattering24,45. For magnetic scattering in isotropic s-
wave superconductors, or for potential scattering in su-
perconductors with an anisotropic gap, the suppression
of Tc is given as ln (Tc/Tc0) = χ[Ψ(1/2)−Ψ(gTc0/2Tc)].
Here, Ψ is the digamma function, χ is a measure of the
gap anisotropy, and g = h̄/2πkBTc0τ is the normalized
scattering rate with τ the pairbreaking scattering time.
For nonmagnetic defects, τ corresponds to the poten-
tial scattering time and for magnetic impurities to half
the spin-flip scattering time. Since for odd-parity pair-
ing, the Fermi surface average of ∆(k) is zero, χ = 1,
and Tc is suppressed to zero at a critical value gc ≈

0.28. Linking the scattering rate to measurable quan-
tities such as the increase in resistivity requires detailed
information on the electronic band structure, transport
and particle lifetimes, and the scattering potential. As
many of the microscopic parameters of NbxBi2Se3 are
currently unavailable we relate the measured increase in
resistivity to the scattering rate using a simple single-
band Drude model, ∆ρ0 = m∗/(ne2τi) with m∗ and n
the effective mass and concentration of carriers, respec-
tively, and 1/τi the scattering rate due to the irradiation-
induced defects. Since the enhancement of the residual
resistivity is large, we neglect the contribution from pre-
existing defects in the total scattering rate. The pa-
rameter m∗/ne2 can be estimated from values of the
penetration depth, λ2 = m∗/µ0ne

2. We thus obtain
the normalized scattering rate g in terms of the London
penetration depth as gλ = h̄∆ρ0/2πkBTc0µ0λ

2, yielding
gλ ≈ 0.172 ∆ρ0/Tc0, where ∆ρ0 is expressed in µΩ·cm
and with a zero-temperature penetration depth of ∼ 240
nm37

The data in Fig. 5 show that the increase in re-
sistivity required to induce a given reduction of Tc is
enhanced over predictions based on the AG theory by
a very large margin. In AG-theory, each scattering
event giving rise to enhanced resistivity is also pair-
breaking. This implies that in NbxBi2Se3 the majority
of scattering events do not contribute to pair-breaking.
Also included in Fig. 5 are the Tc/Tc0 vs gλ data
on proton-irradiated BaFe2(As1−xPx)2

46 and on He+-
irradiated YBCO47. These materials have sign-changing
order parameters: s±-gap symmetry with additional ac-
cidental line nodes and d-wave symmetry, respectively.
Therefore, nonmagnetic potential scattering induces a
rapid suppression of Tc. Similar behavior would be ex-
pected for NbxBi2Se3 due to odd-parity pairing. Never-
theless, its Tc-suppression is in comparison remarkably
weak; similar weak suppression of Tc is reported in a
recent study48 of disorder via excess Cu doping in the
homologue CuxBi2Se3. The reason for these surpris-
ing results lies in the particular electronic structure of
NbxBi2Se3, which has very strong spin-orbit coupling.
In the relativistic limit of vanishing Dirac mass26–28,
the emergent chiral symmetry effectively protects against
impurity-induced scattering between two pseudo-chiral
bands27, if the scattering is non-magnetic and does not
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discriminate between the pseudo-chiral sectors. This ef-
fectively puts these odd-parity superconductors in the
same category with respect to potential impurity scat-
tering as s-wave superconductors, protected by the An-
derson theorem23. Finite suppression of Tc can result
either from magnetic impurities, from disorder that cou-
ples differently to the bands, or from combined effect of
a finite Dirac mass (that breaks chiral symmetry) and
potential scattering. While irradiation is unlikely to in-
troduce magnetic scattering, both latter mechanisms are
most likely present. Further studies would be necessary
to determine their relative importance.
In summary, 5-MeV proton irradiation has been shown

to increase electron scattering in the candidate topolog-
ical superconductor NbxBi2Se3. A substantial increase
in electron scattering is required to suppress Tc, far
larger than anticipated via conventional theory. The low-
temperature variation of the London penetration depth
∆λ(T ) remains quadratic in the pristine and disordered
states. Together, these results suggest the presence of
symmetry-protected point nodes in NbxBi2Se3, further
supporting the proposed nematic Eu pairing state. Ow-
ing to the strong spin-orbit locking, these results are the

first demonstration of an unconventional superconduc-
tor that is robust against nonmagnetic disorder suggest-
ing that topological superconductivity can be realized in
rather dirty materials.
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