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Anisotropic multiband superconductivity in 2M-WS2 probed by controlled disorder

Sunil Ghimire ,1,2 Kamal R. Joshi ,1,2 Marcin Kończykowski ,3 Romain Grasset ,3 Amlan Datta ,1,2
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The intrinsically superconducting Dirac semimetal 2M-WS2 is a promising candidate for realizing proximity-
induced topological superconductivity in its protected surface states. A precise characterization of the bulk
superconducting state is essential to understand the nature of surface superconductivity in the system. Here, we
report a detailed experimental study of the temperature-dependent London penetration depth, λ(T ), the upper
critical field, Hc2(T ), and the effects of nonmagnetic disorder on these quantities, as well as on the superconduct-
ing transition temperature Tc in single crystals of 2M-WS2. We observe a power-law variation of λ(T ) ∝ T 3 at
temperatures below 0.35Tc. Nonmagnetic pointlike disorder induced by 2.5 MeV electron irradiation at various
doses results in a significant suppression of Tc. These observations are markedly different from expectations for
a fully gapped isotropic s-wave superconductor. Together with the substantial increase of slope, dHc2/dT |T =Tc ,
with increasing disorder, our results suggest a strongly anisotropic s++ multiband superconducting state. These
results have direct consequences for the expected proximity-induced superconductivity of the topological surface
states.

DOI: 10.1103/PhysRevResearch.6.013124

I. INTRODUCTION

Topological superconductors (TSCs) are characterized by a
nontrivial (topological) surface electronic states and opening
of a bulk superconducting gap, which give rise to the emer-
gence of zero-energy excitations called Majorana fermions,
a particle that is its own antiparticle [1–4]. TSCs are the
most promising experimental platform for the realization of
Majorana fermion zero modes, which lie at the foundation
of topological quantum information science [5–8]. A well-
defined theoretical framework of this potential application
motivates researchers to extensively search for topological
superconductors and Majorana fermions in bulk materials.
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Intrinsic TSCs have topologically nontrivial Bogoliubov
bands. This requires a momentum-dependent order param-
eter, e.g., p-wave pairing, and an unconventional pairing
mechanism [9,10], making them rare in nature. One of the
most studied compounds is Sr2RuO4 [11,12]. However, p-
wave superconductors are extremely sensitive to disorder and
the realization of topological edge states is still debatable.
Other intrinsic TSC candidates are nonstochiometric com-
pounds such as MxBi2Se3 with M = Cu [13,14] and M =
Sr, Nb, Tl, see [15,16] for review, FexTexSe1−x [17–19], and
LiFexCo1−xAsx [20], all of which require compositional fine-
tuning. Another way to realize topological superconductivity
is to combine a topological insulator with an s-wave super-
conductor [21] or to exploit the proximity effect between a
BCS superconductor and a Rashba semiconductor in a mag-
netic field [22–26]. In some experiments, Majorana bound
states have potentially been realized and interrogated [27–30];
however, these heterostructures require long superconduct-
ing coherence lengths, making this approach experimentally
challenging.

An alternative approach that avoids sophisticated het-
erostructure engineering is to consider an intrinsically
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superconducting material that exhibits topologically protected
surface states in the normal state. Once the bulk material
becomes superconducting, it can induce superconductivity
in the surface state via the proximity effect. Recently, sto-
chiometric transition metal dichalcogenide (TMD) 2M-WS2

becoming superconducting below the transition temperature,
Tc � 8.8 K, has been discovered [31,32]. High-resolution
angle-resolved photoemission spectroscopy (ARPES) and
spin-resolved ARPES found gapless surface states with
spin-momentum locking, suggesting a nontrivial topological
surface state of this layered Dirac semimetal [33]. The surface
states have been shown to become gapped below Tc [34].
Based on these studies, 2M-WS2 is therefore a promising
candidate for realizing topological superconductivity on the
surface. Regarding the bulk superconducting properties, a
μSR study concluded that 2M-WS2 exhibits nodeless super-
conductivity [35] and thermal conductivity measurements also
support a nodeless superconducting gap in 2M-WS2 [36].
Finally, a theoretical study using ab initio Migdal-Eliashberg
theory suggested an anisotropic but full-gap superconducting
order parameter with s-wave symmetry for both bulk and bi-
layer 2M-WS2 [37]. Studies of atomically thin layers of WS2

have revealed an unusual response of the superconducting
state to magnetic fields [38,39].

Since the symmetry and detailed variation of the bulk
superconducting order parameter on the Fermi surface are
expected to have important impacts on the possible proximity-
induced superconductivity of topological surface states, here
we describe a detailed experimental study of the supercon-
ducting pairing state in single crystals of 2M-WS2. We report
low-temperature measurements of the London penetration
depth λ(T ), which is sensitive to thermally excited low-energy
quasiparticles. We also probed the nature of the supercon-
ducting state by introducing nonmagnetic pointlike disorder,
in a controlled way, by 2.5 MeV electron irradiation. We
found the power-law variation �λ(T ) = λ(T ) − λ(0) ∼ T 3

at low temperatures in pristine samples. Subsequently, the
sample was irradiated with 2.5 MeV electrons at different
doses up to a maximum accumulated dose of 3 C/cm2 =
1.87 × 1019 e−/cm2. The temperature dependence of �λ(T )
remained close to T 3, indicating the robustness of the super-
conducting state. Surprisingly, we observed a very significant
rate of Tc suppression from 8.5 K to 5.2 K (∼40%) at the maxi-
mum accumulated dose seemingly contradicting the Anderson
theorem. Having different intermediate doses, we explore Tc

versus the dimensionless scattering rate, � (defined in detail
later), comparing it with theory and previous studies of other
superconductors. We have also examined Hc2(T ) before and
after irradiation and found the slope, dHc2/dT |T =Tc , increas-
ing significantly after irradiation. Cumulatively, these results
provide strong evidence for a highly anisotropic yet still fully
gapped superconducting order parameter. More specifically,
theoretical analysis strongly suggests an anisotropic multi-
band s++ pairing state (rather than a sign-changing s+− state)
that exhibits the same sign on different Fermi surface sheets.

II. EXPERIMENTAL METHODS

Single crystals of 2M-WS2 were prepared by deinterca-
lation of interlayer potassium cations from K0.7WS2 crystals

[31]. To obtain K0.7WS2, K2S2 (prepared using liquid ammo-
nia), W (99.9% from Alfa Aesar) and S (99.99% from Alfa
Aesar) were mixed in required stoichiometric proportions
and ground in an argon-filled glovebox. The mixtures were
pressed into a pellet and sealed in the evacuated quartz tube.
The tube was heated at 850 ◦C for 2000 min and slowly cooled
to 550 ◦C at a rate of 0.1 ◦C/min. The synthesized K0.7WS2

(0.1 g) was oxidized chemically by K2Cr2O7 (0.01 mol L−1)
in aqueous H2SO4 (50 mL, 0.02 mol/L) at room temperature
for an hour. Finally, the 2M-WS2 crystals were extracted
after washing in distilled water several times and drying in a
vacuum oven at room temperature. The crystals had a typical
size of (0.5–2) × (0.5–2) × (0.01–0.02) mm3.

The London penetration depth was measured using a
sensitive tunnel-diode resonator (TDR) operated at a radio
frequency of around 10 MHz. The technique is described in
detail elsewhere [40–44]. The sample is subject to a small,
Hac < 20 mOe, ac magnetic field. The resonant frequency
changes are proportional to the sample’s magnetic suscep-
tibility and thus, with proper calibration, to the magnetic
penetration depth. The calibration for realistic nonellipsoidal
samples is described in Ref. [44]. The base temperature
achieved in this study was 400 mK (∼0.05Tc of the pristine
sample).

For resistivity measurements elongated samples were cut
with a razor blade into dimensions 1 × 0.3 × (0.01–0.02)
mm3. Contacts were made by directly gluing 25 µm silver
wires to the crystal surface and had a typical contact resistance
of 10 �. For electron irradiation sample C was mounted on
a hollow Kyociera chip so that the contacts were not dis-
turbed during measurements between the irradiation sessions
at Ecole Polytechnique. The upper critical field was measured
after the last irradiation dose of total 3 C/cm2. Sample C was
from the same batch as samples A and B and showed identical
Tc and its suppression.

The 2.5 MeV electron irradiation was performed at the
“SIRIUS” electrostatic accelerator facility at Laboratoire des
Solides Irradiés, École Polytechnique, Palaiseau, France. At
the energy of 2.5 MeV, electrons are moving with the
relativistic speed of 0.985c with a total current of about
2.7 µA through a 5 mm diameter diaphragm. The acquired
irradiation dose is measured by a calibrated Faraday cup
behind the sample and is conveniently expressed in C/cm2,
where 1 C/cm2 = 6.24 × 1018 e−/cm2. This dose is acquired
overnight. Electrons are particularly useful among other par-
ticles used for irradiation to induce defects. Unlike heavier
particles (heavy ions, protons, and α particles) which result
in columnar tracks of extended dendritic cascades, electrons
produce well-separated pointlike defects called Frenkel pairs
(vacancy+interstitial) because their relativistic energy trans-
fer upon collisions matches the threshold knockout energy,
typically between 20 and 80 eV. On the other hand, thanks
to their charge and velocity, electrons scattering cross sec-
tion is reasonable, of the order of 100 barns, compared to
neutrons and gamma rays, also used for this purpose. Another
important parameter is the penetration depth into the material.
While heavier particles require very thin samples, electrons
can be used for typical single crystals. The produced defects
are in the dilute limit, typically with about one defect per
thousand lattice ions. Except for special circumstances (e.g.,
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FIG. 1. Temperature dependence of the London penetration
depth, plotted as a departure from its value at the base temperature
of 0.4 K. Two pristine samples, (A) and (B), are shown. The main
panel focuses on the low-temperature region. Black solid lines show
the best fit in the interval Tmin � T � 0.35Tc, using the power law,
�λ(T ) = A + BT n, with n = 3.15 obtained for sample A and n =
3.4 for sample B. The top left inset presents data in the full temper-
ature interval showing sharp and uniform superconducting transition
in both samples with Tc � 8.5 K. The top right inset shows data in
the fitting range, T � 0.35Tc, plotted as a function of (T/0.3Tc )3 and
demonstrating a practically perfect cubic variation of λ(T ).

semiconductors), they do not “charge dope” the system and
do not cause a shift of the chemical potential. Careful Hall
effect measurements verified this for other materials [45,46].
The science of electron damage in materials is well developed
[47,48].

The irradiation has to be conducted at low temperatures
to remove heat generated upon collisions and to prevent re-
combination and, importantly, clusterization of the resultant
defects. Interstitials have much lower diffusion energy barrier
than vacancies, so they migrate to various sinks, such as lat-
tice defects, dislocations, and surfaces, leaving a metastable
population of vacancies behind. In our case, the irradiated
sample is immersed in liquid hydrogen at about 22 K. Upon
warming up, some defects recombine at a material-dependent
rate. Therefore, the indicated doses are only used to compare
irradiations for the same type of samples with the same an-
nealing rate. In situ resistivity measurements at 22 K showed
that resistivity is linearly proportional to the dose. The actual
induced damage is estimated from the changes of residual
resistivity to extract a dimensionless scattering rate, � =
h̄/(2πkBTc0τ ) [49]. Here Tc0 is the superconducting transition
temperature in the clean limit and τ is the transport scattering
time. Importantly, irradiation was carried out on the same
samples already measured before irradiation.

III. RESULTS

A. Penetration depth

Figure 1 shows the temperature dependence of the change
of the London penetration depth in pristine samples A (blue
circles) and B (red squares), in reduced coordinates, T/Tc.

The main frame focuses on the low-temperature part showing
a power-law fit, �λ(T ) = A + BT n, in the temperature range
from 0.4 K to 3.0 K, where the upper limit corresponds to
0.35Tc. Fitting finds exponents n = 3.15 for sample A and
n = 3.4 for sample B. This means that the energy gap does not
have symmetry-imposed nodes because a point node would
give n = 2 and a line node would give n = 1. The presence
of disorder cannot explain such large exponents, recalling
that the nodal dirty limit corresponds to n � 2. There is an-
other way to demonstrate power-law behavior, shown in the
right inset in Fig. 1. Here �λ is plotted versus dimensionless
(T/0.3Tc)3 revealing a straight line.

An immediate reaction to the observed n = 3 would be
that this is precisely what has been predicted for topological
superconductors [50,51]. However, according to our current
understanding [32,34], WS2 is not a three-dimensional topo-
logical superconductor, but instead a topological semimetal
with surface states; when entering the superconducting phase,
also the surface states become superconducting, with roughly
the same gap [34], and can realize a two-dimensional topo-
logical superconductor. At least in the clean limit, this surface
system has no edges and, thus, no topological zero modes;
the latter will only appear in the presence of defects, such as
magnetic vortices [32]. Therefore, the mechanism of [50,51]
yielding a T 3 contribution does not apply unless (i) there is
a high density of magnetic vortices or other defects trapping
Majorana modes and (ii) WS2 is indeed a three-dimensional
topological superconductor. Although (i) seems very un-
likely given the small magnetic fields in our experiments
(�20 mOe), (ii) would be extremely exotic and would not
be in line with previous experiments. Therefore, we interpret
our findings as consequences of the bulk superconducting
phase and not in terms of gapless low-energy excitations at
the surface.

Since WS2 is not easy to obtain in bulk form, we paid
special attention to sample quality by screening many samples
and finally selecting two with the sharpest transitions shown
in this work. The left inset in Fig. 1 shows �λ(T ) for both
samples in the full temperature range, consistent with the
high quality of the studied samples. The curves do not show
any extra features and the transitions are well defined with
the onset for both samples, indicating the superconducting
transition at Tc = 8.5 K.

B. Controlled disorder

Next, we turn to the effects of controlled disorder in-
duced by 2.5 MeV electron irradiation. Due to a limited
beam time, for penetration depth measurements, we chose to
irradiate only sample A, which showed the best supercon-
ducting transition; see the left inset in Fig. 1. For transport
measurements, we irradiated another sample C from the
same batch as samples A and B. Importantly, sample C was
mounted on a Kyocera chip, so the contacts were not dis-
turbed by sample extraction from the irradiation chamber
for repeated resistivity measurements ex situ. The measure-
ments were repeated a number of times to determine Tc

shown in the top left inset in Fig. 2. Top panel (a) in Fig. 2
shows the low-temperature variation of the London penetra-
tion depth change, �λ(T ), in sample A plotted vs reduced
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FIG. 2. (a) �λ(T ) as a function of normalized temperature T/Tc

for sample A before (blue circles) and after (green squares) electron
irradiation with the total accumulated dose of 3 C/cm2 = 1.87 ×
1019 e−/cm2. The solid black lines show the best power law fits
below 0.35Tc, with exponents n = 3.15 and n = 2.8, before and after
electron irradiation, respectively. The top left inset in panel (a) shows
a progression of Tc suppression in sample C (circles) with increasing
cumulative irradiation dose obtained from temperature-dependent
resistivity measurements. Red empty diamonds show Tc from sample
A using curves shown in the right inset, which displays �λ(T ) over
the whole temperature range. There is a perfect agreement between
the two samples and measurements. Besides a dramatic shift, note
that the transition has not broadened and also the value above Tc

increased after irradiation due to an increase of the normal-state skin
depth (T > Tc). Panel (b) shows the exponent n obtained from the
power-law fit with a variable upper fit limit. The practically constant
value means the robust T 3 behavior of λ(T ) in the wide region.

temperature, T/Tc. Results for the pristine state are shown
by blue circles; measurements after the largest accumulated
dose of 3 C/cm2 = 1.87 × 1019 e−/cm2 are shown by green
squares. For illustration, the irradiated state curve was shifted
vertically, so it extrapolates to zero at T → 0, which does not
change the power-law exponent.

The first striking observation is that the superconducting
transition temperature is shifted by 3.3 K from 8.5 to 5.2 K,
which is almost 40% of the pristine-state value. This is re-
markable and our second direct indication of the unusual
nature of the bulk superconducting order parameter since, to
the best of our knowledge, such a rate of Tc suppression has
never been reported in any fully gapped superconductor with
a single order parameter. The upper left inset in Fig. 2(a)
shows the summary of the Tc suppression as the function of
irradiation dose. The data from transport measurements are
shown by filled circles, whereas red empty diamonds show
Tc of sample A from �λ(T ) shown in the right inset. There

is a perfect agreement between the two samples and types
of measurements. The Tc decreases with the initial slope of
about 1.46 K cm2/C. The upper right inset shows the full
temperature range variation of �λ(T ). An increase of the
apparent penetration depth above T > Tc upon irradiation is
due to an expected increase of the normal-state skin depth
resulting from the increased residual resistivity. Of course,
with decreased Tc, the 0.3Tc threshold for low-temperature
asymptotic behavior decreases in absolute temperature units.
Nevertheless, we still obtain the large exponent, n = 2.8. Note
that the transition to the normal state remains sharp after the
irradiation. This indicates a uniform distribution of pointlike
scattering centers as we anticipated by estimating the elec-
trons’ penetration profiles.

To examine how robust the power-law fit is, panel (b) in
Fig. 2 shows the exponent n plotted versus the upper limit of
the power-law fitting, Tmax/Tc. The lower limit was the lowest
possible, Tmin/Tc, which is equal to 0.047 in pristine samples,
and to 0.077 in the irradiated with the dose of 3 C/cm2. The
result shows that the exponent is quite robust and, statistically,
does not change between these samples clustering around
n = 3. For illustration, the regime of a fully gapped isotropic
state is shown at around n � 4, which is numerically indis-
tinguishable from the exponential attenuation. On the other
side, the nodal scenarios, dirty or clean, point or line nodes,
are located below n = 2. We, therefore, have quite an unusual
behavior—robust against the disorder functional temperature
dependence of the London penetration depth ∼T 3 but signifi-
cant suppression of Tc.

C. Dimensionless scattering rate

To compare the rate of Tc suppression in different materi-
als, with very different initial transition temperatures, Tc0, we
plot in Fig. 3 the normalized �tc = (Tc − Tc0)/Tc0 versus the
dimensionless scattering rate, �, determined from the increase
of resistivity, �ρ, after the irradiation. Using Drude and Lon-
don models, we estimate the scattering time, τ−1 = ρμ−1

0 λ−2
0 ,

where μ0 = 4π × 10−7 H/m is the magnetic permeability of
free space and ρ is resistivity. Therefore, the scattering rate is

� = h̄

2πkBTc0τ
= h̄

2πμ0kB

ρ

Tc0λ
2
0

(1)

� 9673.9
ρ[μ� cm]

Tc0[K]λ2
0[nm2]

. (2)

With the parameters of our sample A, we estimate � =
0.23 per 1 C/cm2. The suppression of Tc by nonmagnetic
scattering is not expected for isotropic s-wave pairing (Ander-
son theorem [53–55]), but it occurs in anisotropic materials
[56–58]. Often, the single-gap anisotropies are not large and
a significant suppression is not expected. However, we show
below that 2M-WS2 is notably different and experiences a
significant single-gap anisotropy, arising from the momentum
dependence of �k. Furthermore, in multiband materials, two
different gaps can formally be treated as an anisotropic single-
gap case on a generalized Fermi surface spanning all bands
[58–60]. In that case, a finite suppression rate is possible
even for gap functions that are momentum independent but
different on each Fermi sheet, �1 �= �2. Specifically, consid-
ering a two-band system for concreteness, one finds that the
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FIG. 3. Normalized change of the superconducting transition
temperature, �tc = (Tc − Tc0)/Tc0, upon electron irradiation in
2M-WS2 crystal (stars) compared to other superconductors shown in
the legend. The dimensionless scattering rate, �, was calculated from
the increase in resistivity upon irradiation using Eq. (2). The solid
lines show the expectation for two-gap superconductivity described
by two order parameters, �1 and �2. The solid blue line shows
isotropic s++ wave, �2/�1 = 1, the solid black line is the limiting
case of the s++ pairing when one gap is zero, �2/�1 = 0, and the
solid green line shows the symmetric s+− case when �2/�1 = −1.
The solid pink curve, labeled “AG,” refers to the Abrikosov-Gor’kov
result [52] for Tc suppression of an isotropic s-wave superconductiv-
ity by magnetic pair-breaking scattering.

suppression vanishes for an isotropic s++ state with two equal
gaps, but a rapid Tc reduction and complete suppression at
the finite critical value of the scattering rate, � = 0.28, in the
case of s+− with two equal gaps of opposite sign, �1 = −�2.
This is the same suppression as one observes in a d-wave
superconductor. For different gap ratios �1/�2 the system
experiences a suppression rate in between these two extreme
cases. Iron-based superconductors are a good example of s+−
with two effective gaps with different ratios of their ampli-
tudes showing various suppression rates [61].

Examining Fig. 3, we find that the rate of suppression of
Tc in WS2 is stronger than in the typical s++ cases but is
quite similar to some of the iron pnictide superconductors.
More quantitatively, we extract a dimensionless disorder sen-
sitivity parameter [59] ζ � 0.18 for � → 0. We also find
the tendency to saturation at large �, which is a feature of
superconductors with unequal gaps. In a simple picture, non-
magnetic scattering averages the superconducting gap and, if
the mean value of the total gap is not zero, it determines the
dirty limit Tc [60].

D. Critical magnetic field

With this interesting observation, we now examine another
quantity sensitive to disorder scattering—the upper critical
field, Hc2. Figure 4 shows Hc2(T ) as a function of temperature,
measured in sample A before (blue circles) and after (green
squares) electron irradiation with the total accumulated dose
of 3 C/cm2. The upper critical field was detected as the
onset of a TDR frequency shift measured as a function of

FIG. 4. Upper critical field, Hc2(T ), as a function of temperature,
measured in sample C before (blue circles) and after (green squares)
electron irradiation with the dose of 3 C/cm2. Inset shows the same
data but plotted against the normalized temperature, T/Tc0, by the
transition in the pristine state. For comparison, Hc2 from the discov-
ery paper, Ref. [31], shows excellent agreement with our data.

temperature in different applied dc magnetic fields. The inset
in Fig. 4 shows the same data but plotted against the nor-
malized temperature, T/Tc0, where Tc0 is the superconducting
transition in the pristine state. For comparison, Hc2 from the
WS2 discovery paper [31] is plotted in the same inset showing
excellent agreement with our data.

Since, in many cases, it is difficult to measure the en-
tire curve, Hc2(T ), and, in some cases, the low-temperature
limit could be complicated by Pauli limiting physics [62] or
the Fulde-Ferell-Larkin-Ovchinnikov (FFLO) state [63,64],
since the 1960s the researchers analyzed the slope dHc2/dT
at Tc [65–67], where the critical field is always orbital
(vortices) limited. In addition to the decreased Tc, already
discussed above, Fig. 4 shows that the slope dHc2/dT at Tc

becomes substantially larger after the irradiation. A standard
approach would be to use the Helfand and Werthamer (HW)
model [65–67] and claim that this is expected and that the
zero-temperature value of Hc2(0) has increased as expected
from nonmagnetic scattering [68]. However, HW analysis
is only valid for isotropic Fermi surfaces and s-wave order
parameters. In the case of anisotropies, the situation is signif-
icantly more complicated. This has been recently addressed
in Ref. [69], where it was shown that the slope dHc2/dT at
Tc increases in the case of nodeless superconductors and de-
creases if there are nodes in the gap function. Reference [70]
has extended this approach to multiband materials and showed
that, in the case of s+− pairing, this slope should decrease with
nonmagnetic scattering. Note that, in the clean limit, the slope
is proportional to Tc. However, we are not in the clean limit
in the irradiated sample where Tc decreases. The observed
reduction shown in Fig. 3 seems to saturate with increas-
ing scattering rate. This behavior is expected for sufficiently
anisotropic single gap or gaps of different magnitudes in the
multigap scenario. Examining Fig. 4 we see that the slope
dHc2/dT |T →Tc increased upon irradiation. A similar trend is
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FIG. 5. Theoretical analysis of experimental data. Part (a) shows the comparison of the anisotropic single-gap (red line, a = 0.49) and
isotropic (black dashed) model with the measured �λ in the low-T regime, using a linear (cubic) T axis in the main panel (inset). The
anisotropic gap corresponding to a = 0.49 is illustrated in (b). While the low-temperature behavior is reproduced well, the measured form of
ρ for 0.6 < T/Tc < 1 differs significantly from the model prediction; see (c). This is different for the anisotropic (a = 0.38) two-band model
[see Eq. (3)], as shown in the main panel and lower left inset in (d), with temperature dependent gap variations shown in the upper right inset
of (d). In (e), we show the spread [for varying ϑ in Eq. (4)] of the dimensionless disorder sensitivity parameter for non-sign-changing (s++)
and sign-changing (s+−) superconducting order parameters; the experimental value is shown as a solid line and the black dashed line refers to
the case of a superconducting order parameter transforming under a nontrivial representation and impurity scattering between all states on the
Fermi surface equally. For concreteness, we focus here on data from sample B. The comparison is similar for sample A.

found in two established multigap s++ superconductors, V3Si
and NbSe2 [60,61]. This is consistent with the s++ pairing,
but not with s+−.

IV. DISCUSSION

For a more quantitative and systematic discussion of our
data, we return to the low-temperature behavior of the pen-
etration depth λ(T ) of the pristine sample. As can be seen
in Fig. 5(a), an isotropic single-gap (BCS) superconductor
(black dashed line), i.e., with momentum independent order-
parameter magnitude |�k| = �0, cannot describe the data
(see Appendix A for details of the calculation). As mentioned
above, our measurements are incompatible with the exponen-
tial temperature dependence of �λ(T ) in such an isotropic
state. However, even in conventional superconductors, |�k|
generically depends on momentum due to the presence of a
lattice. Taking the form |�k| = �0(1 − a cos 2θk), where θk

is the polar angle of k—consistent with pairing in the trivial
representation of the point group C2h of 2M-WS2—we find
good agreement [red solid line in Fig. 5(a)] with the measured
penetration depth for a = 0.49. This corresponds to a smaller
(but still finite) gap along the kz direction compared to the
“equator” in the kx-ky plane, illustrated in Fig. 5(b). The min-
imal gap value is approximately 34% of the maximum value.

While the behavior at low temperatures is well repro-
duced by the anisotropic single-gap model, this is not the
case in the regime with temperatures between Tc/2 and Tc,
where the temperature dependence of the gap magnitude is
non-negligible. Using the normalized superfluid density ρ =
[λ(0)/λ(T )]2 to quantify the quality of the fit, we observe
clear deviations in this temperature regime in Fig. 5(c). The
data thus implies significant deviations of the temperature
variation of the gap from those of single-gap superconductors.
To capture this behavior theoretically, we consider a two-band
( j = 1, 2) model with intraband Cooper channel interactions
Uj and interband interaction J (see Appendix A). We solve
for the temperature dependence of the two gap magnitudes
self-consistently, while keeping the momentum dependence
of the order parameter on each of the two Fermi surfaces to be

of the form

� j,k(T ) = � j (T )(1 − a cos 2θk) (3)

for simplicity. We find good agreement with experiment when
one of U1,2 is slightly larger than the other, with both being
much larger than J (explicitly U1/U2 � 1.098 and |J|/U1 �
0.0049)—see Fig. 5(d); in this regime the smaller gap, asso-
ciated with the lower Uj , exhibits significant deviations in its
temperature variation from the standard square-root behavior
close to Tc [cf. upper right inset in Fig. 5(d)]. This results
from the weak admixing of the smaller gap in the regime
between the actual Tc and the hypothetical Tc of the band with
the weaker interaction in the uncoupled limit J → 0. These
deviations can capture the behavior of the data close to Tc,
while leaving the low-temperature behavior mostly unaffected
[�1(0)/�2(0) � 1.23] and, thus, describe the data well in
the entire temperature range. We extract a slightly smaller
asymmetry parameter a = 0.38 such that the minimal gap
value on a given Fermi surface is approximately 45% of the
maximal gap value. In other words, the largest gap on a given
Fermi surface is about twice as large as the smallest gap value.
We also extract a zero-temperature penetration depth value of
λ(0) � 644 nm.

To further check this picture, we next compare the
theoretical predictions with results of our irradiation experi-
ments. First, we focus on weak disorder (� → 0 in Fig. 3)
and investigate the theoretical expectations for the initial
slope of the critical temperature with disorder [59], as en-
coded in the dimensionless disorder sensitivity parameter
ζ � 0.18. Focusing on time-reversal and spin-rotation in-
variant disorder configurations and pointlike disorder with
momentum-independent matrix elements in each band, impu-
rity scattering can be described by a real and Hermitian 2 × 2
matrix w in band space; its diagonal components describe
intraband scattering amplitudes and its off-diagonal ones de-
scribe interband scattering. We parametrize the matrix using
two angles ϑ and φ according to

w = w0

(
cos φ cos ϑ 2−1/2 sin φ

2−1/2 sin φ cos φ sin ϑ

)
. (4)
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Here, φ ∈ [0, π/2] describes the ratio of intra- to interband
scattering and ϑ sets the ratio of the two intraband scattering
amplitudes. Using the general expression for ζ derived in
Ref. [59], it is straightforward to compute ζ = ζ (ϑ, φ) for
the superconducting two-band model extracted above from
the penetration depth measurements; see Appendix B. The
result is shown in Fig. 5(e). As opposed to λ(T ), the sen-
sitivity parameter ζ is sensitive to the relative sign of the
superconducting order parameter between the two bands. This
sign depends on the sign of J—a repulsive interband Cooper
channel interaction J leads to an s+− with opposite sign of
the superconducting order parameter in the two bands while
an attractive one leads to an s++ state with the same sign.
However, as a consequence of the strong momentum depen-
dence of the absolute value of the order parameter on each
band and between the two bands (captured by the anisotropy
parameter a), the difference in the disorder sensitivities of s++
and s+− is rather small. In fact, both scenarios can reproduce
the rather large disorder sensitivity observed in experiment for
natural values of φ close to but slightly smaller than π/4.
Note that ϑ , which is related to the width of the red and
blue regions in Fig. 5(e), only plays a minor role. These
values of φ correspond to the generically expected scenario
that local defects can induce both inter- and intraband scat-
tering processes with roughly equal magnitude. As such, the
observed rather large disorder sensitivity, while surprising at
first sight, further confirms the anisotropic two-band model
extracted from the temperature behavior of the penetration
depth.

Going beyond the weak disorder limit, we see in Fig. 3
that the Tc reduction rate decreases with disorder strength.
This is also consistent with a superconducting state transform-
ing under a trivial representation but exhibiting significant
“accidental” variation of its order parameter on and between
different Fermi surfaces, such as the state we propose above.
The observation of a significant but saturating change of Tc

upon increasing the amount of nonmagnetic disorder com-
bined with the aforementioned substantial increase of the Hc2

favor the anisotropic s++ state over the s+− scenario.

V. CONCLUSIONS

In summary, our study of the temperature variation of
the London penetration depth λ(T ) in the Dirac semimetal
2M-WS2 reveals a low-temperature behavior λ(T ) − λ(0) ∝
T 3 down to 0.4 K, clearly distinguishable from the expo-
nential attenuation in a fully gapped isotropic s-wave BCS
superconductor. In combination with the behavior close to the
critical temperature Tc, this strongly indicates an anisotropic
superconducting state with two weakly coupled gaps. In line
with this conclusion, electron irradiation shows that the su-
perconducting transition temperature of 2M-WS2 decreases
substantially upon induced nonmagnetic disorder. Whereas
these observations are consistent with both an s++ and an
s+− state, the behavior of the penetration depth and upper
critical field with irradiation point towards an s++ state. Our
results motivate further work into the impact of such a highly
anisotropic bulk superconducting state on proximity induced
superconductivity of the topological surface state in 2M-WS2.
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APPENDIX A: PENETRATION DEPTH

For a given temperature- and, in general, momentum- and
band-dependent superconducting order parameter � j,k, we
compute the penetration depth λ(T ) from the expression [71]

ρ = 1 −
∑

j

D̂ j

〈∫ ∞
|� j,k |

T

dx
1

2 cosh2 x
2

x√
x2 − |� j,k|2

T 2

〉
, (A1)

for the normalized superfluid density ρ(T ) = [λ(0)/λ(T )]2.
Here 〈 fk〉 ≡ 1

N�

∑
k∈FS fk denotes an angular average over the

direction of k, normalized such that 〈1〉 = 1, and D̂ j is the
relative total density of states at the Fermi surface j (obeying∑

j D̂ j = 1). Here, we have assumed a homogeneous electro-
magnetic response tensor and have taken the Fermi velocity to
exhibit a constant magnitude on each Fermi surface. For the
fits of �λ(T ) in Fig. 5, we use �λ(T ) = λ(0)[1/

√
ρ(T ) − 1],

which yields the zero-temperature penetration depth λ(0) as
another fit parameter.

For the isotropic BCS model [|�k| = �0(T ); only one
band and thus no j index] and the anisotropic single-band
model [|�k| = �0(T )(1 − a cos 2θk)] of the main text, we
use a BCS temperature dependence for �0(T ). For the
two-band ( j = 1, 2) model, we take |� j,k| = � j (T )(1 −
a cos 2θk), where � j (T ) are the solutions of the self-
consistency equations [energies are measured in units of the
cutoff scale, e.g., the Debye energy, which manifestly drops
out in Eq. (A1)]

� j =
∑

j′=1,2

(
U1 J1

J2 U2

)
j, j′

� j′I (� j′, T ), (A2)

where Uj and Jj are the intra- and interband Cooper-channel
interaction constants (with positive referring to attractive
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interactions) multiplied by the respective density of states and

I (�, T ) =
∫ 1

0
dx

tanh
√

x2+|�|2
2T√

x2 + |�|2
(A3)

is a dimensionless integral. To keep the number of fitting pa-
rameters at a minimum, we make the natural (consistent with
D̂1 � D̂2) assumption J1 = J2 ≡ J and D̂ j = Uj/(U1 + U2).

APPENDIX B: DISORDER SENSITIVITY

To compute the impact of weak disorder, we use the gen-
eral expression of Ref. [59] for the disorder sensitivity ζ ,
quantifying the disorder-induced change δTc of the critical
temperature Tc via

δTc ∼ −π

4
τ−1ζ (B1)

valid for small scattering rates. Denoting the matrix elements
of the impurities by Wk,k′ , which are 2 × 2 matrices in band
space (we suppress spin) in our case, and defining the com-
mutator (we here focus on nonmagnetic impurities) Ck,k′ =
DkWk,k′ − Wk,k′Dk′ , where Dk is the superconducting order
parameter (again a 2 × 2 matrix in our case), it holds that

ζ =
∑

k,k′∈FS tr
[
C†

k,k′Ck,k′
]

2
∑

k,k′∈FS tr
[
W †

k,k′Wk,k′
] ∑

k∈FS tr
[
D†

kDk

] . (B2)

While the form of Eq. (B2) is independent of the basis,
we will evaluate it in the band basis, where it holds that
Dk = χkdiag(�1,�2), with χk = 1 − a cos 2θk in our model.
Restricting the discussion to local impurities with Wk,k′ = w

as given in Eq. (4), it is straightforward to evaluate Eq. (B2)
analytically; the result is plotted in Fig. 5(e) for the two-band
model.
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M. A. Tanatar, S. Ghimire, K. Cho, Y. Lee, L. Ke, N. H. Jo,
S. L. Bud’ko, P. C. Canfield, P. P. Orth, M. S. Scheurer, and
R. Prozorov, Electron irradiation effects on superconductivity
in PdTe2: An application of a generalized Anderson theorem,
Phys. Rev. Res. 2, 023140 (2020).
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