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In conventional Bardeen-Cooper-Schrieffer superconductors, Cooper pairs of electrons of opposite spin (i.e.,
singlet structure) form the ground state. Equal-spin triplet pairs (ESTPs), as in superfluid 3He, are of great interest
for superconducting spintronics and topological superconductivity, yet remain elusive. Recently, odd-parity
ESTPs were predicted to arise in (few-)monolayer superconducting NbSe2, from the noncollinearity between
the out-of-plane Ising spin-orbit field (due to the lack of inversion symmetry in monolayer NbSe2) and an
applied in-plane magnetic field. These ESTPs couple to the singlet order parameter at finite field. Using van der
Waals tunnel junctions, we perform spectroscopy of superconducting NbSe2 flakes, of 2–25 monolayer thickness,
measuring the quasiparticle density of states (DOS) as a function of applied in-plane magnetic field up to 33 T.
In flakes �15 monolayers thick the DOS has a single superconducting gap. In these thin samples, the magnetic
field acts primarily on the spin (vs orbital) degree of freedom of the electrons, and superconductivity is further
protected by the Ising field. The superconducting energy gap, extracted from our tunneling spectra, decreases as
a function of the applied magnetic field. However, in bilayer NbSe2, close to the critical field (up to 30 T, much
larger than the Pauli limit), superconductivity appears to be more robust than expected from Ising protection
alone. Our data can be explained by the above-mentioned ESTPs.

DOI: 10.1103/PhysRevB.106.184514

I. INTRODUCTION

In both superfluid 3He and conventional Bardeen-Cooper-
Schrieffer (BCS) superconductors, the ground state is made up
of paired spinful entities, nuclei and electrons, respectively.
While the superfluid 3He wave function has a spin triplet
structure, conventional superconductors are spin singlet [1].

The question thus arises of the possible existence of triplet
superconducting pairs and, in particular, equal-spin triplet
pairs (ESTPs, linear combinations of |↑↑〉 and |↓↓〉), as have
been found in 3He-A [2]. ESTPs are intimately related to
topological superconductivity and Majorana edge modes [3].
They are also of great interest for superconducting spintronics,
as they can carry spin information without dissipation [4].

*These authors contributed equally to this work.
†Corresponding author: charis.quay@universite-paris-saclay.fr
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ESTPs have recently been predicted to arise in (few-
)monolayer superconducting 2H-NbSe2 (hereinafter NbSe2)
in an applied in-plane magnetic field [5], as follows.

Monolayer transition metal dichalcogenides (TMDs), such
as NbSe2, with 2H structure lack in-plane crystal inversion
symmetry; this gives rise, via the spin-orbit interaction, to
an effective out-of-plane magnetic field HSO known as the
“Ising (spin-orbit) field” [6–9]. HSO is momentum dependent;
in particular, it has opposite sign at the K and K ′ points of
the hexagonal Brillouin zone [10] and a predicted amplitude
[11] of μBHSO = ESO ≈ 100 meV in monolayer NbSe2. As
it is time-reversal invariant, HSO does not affect the strength
of singlet superconductivity; however, it causes Cooper pair
spins to point out of plane [Fig. 1(a)]—unlike conventional
superconductors, where Cooper pairs’ internal spin axes have
no preferred direction.

Thus an applied in-plane magnetic field H|| never com-
pletely aligns Cooper pair spins in the plane even when
the Zeeman energy EZ = μBH|| � ESO: At zero temperature,
the in-plane critical field Hc is expected to diverge logarith-
mically [6,12]. In agreement with these expectations, TMD
superconductors of (few-)monolayer thicknesses obtained
by exfoliation [13] or single-layer deposition [14,15] show

2469-9950/2022/106(18)/184514(7) 184514-1 Published by the American Physical Society

https://orcid.org/0000-0002-1773-1702
https://orcid.org/0000-0001-9714-2301
https://orcid.org/0000-0002-4528-9755
https://orcid.org/0000-0002-6107-3583
https://orcid.org/0000-0002-7409-5087
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.184514&domain=pdf&date_stamp=2022-11-28
https://doi.org/10.1103/PhysRevB.106.184514
https://creativecommons.org/licenses/by/4.0/
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FIG. 1. (a) At zero magnetic field, singlet Cooper pairs are
composed of electrons at opposite corners of the hexagonal NbSe2

Brillouin zone (K and K ′ points). Their spins are pinned out of plane
by the Ising field. (b) An in-plane magnetic field partially aligns elec-
tron spins orthogonal to the Ising field and gives rise to odd-parity
equal-spin triplet pairs [5]. (c) Theoretical superconducting gap as
a function of the in-plane magnetic field. Compared with the case
where only the Ising field is considered (black curve), superconduc-
tivity is even more robust to the in-plane magnetic field, and the � vs
H|| curve has a “flattened” shape at intermediate fields (blue curve).
The triplet component of the order parameter (red curve) with spin
structure �tB survives disorder through its coupling to the singlet
component, which has spin structure �s. The temperature used in
the calculations is 0.5Tc, the critical temperature. (See Fig. 4 and the
text for details and comparison with data.)

critical fields Hc much larger than μBHP = �0/
√

g, the Pauli
or paramagnetic limit [16–18]. (Here, μB is the Bohr magne-
ton, g is the Landé g factor, and �0 is the superconducting
order parameter at zero field.) While inversion symmetry is
restored in even-layered NbSe2, the enhancement of Hc per-
sists in bilayer and few-monolayer TMDs, with Hc decreasing
monotonically with increasing NbSe2 thickness [16,19,20]
and no observation of even-odd effects. This has been at-
tributed to weak interlayer coupling (compared with ESO) [21]
and/or spin-layer locking [16].

Both singlet and opposite-spin triplet superconducting or-
der parameters can exist at zero magnetic field, with spin
structures �s = |↑↓〉 − |↓↑〉 and �t = |↑↓〉 + |↓↑〉, respec-
tively [22]. For ESO < EF (the Fermi energy), which is the
case here, �t and �s decouple, and �t should not coexist
with �s [23,24]. (�t is in any case sensitive to disorder and
disappears when the mean free path is shorter than the super-
conducting coherence length [5].)

The applied in-plane field H||, due to its noncollinearity
with the Ising field, as well as the momentum dependence of
the latter, results in ESTPs with spin structure �tB = |↓↓〉 +
|↑↑〉 [5,25,26] [Fig. 1(b)]. �tB is coupled to �s by the in-plane
field, and the critical field is affected by their symbiotic rela-
tionship [27]: �tB enables �s to survive the magnetic field,
while �s enables �tB to survive disorder. As a result, in a
disordered sample, or even when the temperature T > Tct (the
critical temperature associated with �tB), the in-plane critical

field is higher than it would be for either �s or �tB alone, and
the dependence of the superconducting gap � on the applied
field is also affected [Fig. 1(c)].

Very recently, a twofold anisotropy of the critical field,
nonlinear transport, and magnetoresistance was observed in
few-layer and monolayer NbSe2 devices close to the transition
to the normal state [28,29]. These results were also interpreted
as coming from unconventional superconductivity: �tB triplet
components induced by the applied magnetic field and lateral
lattice strain can reduce the sixfold rotational symmetry ex-
pected from the hexagonal crystal lattice to twofold symmetry
[28–30].

Here we report tunneling spectroscopy of few-monolayer
NbSe2 devices over a wide range of applied in-plane magnetic
fields, up to 30 T. As the magnetic field increases, our mea-
surement of the superconducting gap � progressively deviates
from the prediction based on pure singlet pairing. We find that
this field-induced deviation can be explained by the onset of
ESTPs in the form of �tB (Fig. 1).

II. RESULTS

We consider a single-band superconductor, with hole
pockets at the K and K ′ points, and include �s and �tB corre-
lations. As mentioned above, �tB is coupled linearly to �s and
is expressed even when �tB < �s. If we neglect intervalley
scattering, and if a finite pairing interaction is present in the
�tB channel as suggested by recent density functional theory
(DFT) calculations [11], the superconducting energy gap �

can be obtained from the quasiclassical theory of supercon-
ductivity [31]:

� = (ESO�s + EZ�tB)/
√

E2
SO + E2

Z , (1)

where �s and �tB are the singlet and equal-spin triplet order
parameters, respectively.

Here we can see that, compared with the case of �s with
Ising protection alone, the coexistence of �tB with �s and
the coupling between the two can increase the robustness of
superconductivity against an applied in-plane magnetic field.
In the case where there is no pairing in the equal-spin triplet
channel (�tB = 0), � is reduced by the magnetic field through

the factor ESO/

√
E2

SO + E2
Z and vanishes asymptotically, giv-

ing the aforementioned logarithmic divergence of the critical
field at zero temperature. To obtain the order parameters �s

and �tB at finite temperature and magnetic field, one has to
solve two coupled equations self-consistently [32].

The quasiclassical theory also gives the density of states
(DOS), which is found for E < ESO to be simply the BCS
DOS, with the gap as in Eq. (1) [31]; unlike two-dimensional
(2D) superconductors with low spin-orbit coupling in in-plane
fields, the coherence peak is not Zeeman split [33]. In ad-
dition, Ising protection gives a sharp coherence peak in the
DOS, regardless of the strength of the triplet coupling or the
applied magnetic field. Nevertheless, in the presence of in-
tervalley scattering (τiv being the intervalley scattering time),
Ising protection is reduced (due to averaging over valleys with
opposite signs of HSO), the DOS is smeared out [24] as in
the Abrikosov-Gor’kov theory [34,35], and the divergence of
the critical field at zero temperature is regularized [12]. In the
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FIG. 2. Tunneling spectroscopy of bulk and few-monolayer
NbSe2 through van der Waals barriers. (a) Schematic drawing of the
tunnel junction: few-monolayer NbSe2, covered with few-monolayer
WSe2 (or MoS2) and a Ti/Au electrode. A voltage V is applied
between the Ti/Au electrode and the NbSe2, and the current I is
measured. (b) Differential conductance (G = dI/dV ) as a function
of V across junction J2 (blue) and d2I/dV 2 vs V of junction J2 (red).
A double peak and a double dip can be seen in d2I/dV 2, due to
the presence of two superconducting gaps. (c) Same as (b), but for
junction J6. (d)–(h) Color maps of the magnetic field dependence of
the d2I/dV 2 curves for junctions J1–J5. The double-dip-and-double-
peak feature (yellow and blue regions) disappears in thin samples;
a single gap is left. Measurements were taken at temperatures of
30–70 mK.

limit of strong intervalley scattering (E2
SO/�s � 1/τiv � �0)

the dependence of � on the applied magnetic field becomes
similar to that expected from the Abrikosov-Gor’kov theory
with the critical field given by μBHc = ESO

√
2�τiv/h̄ [36]. In

our experiment, we do not have strong intervalley scattering
as 1/τiv � �s [37].

We fabricate tunnel junctions (junctions J1–J7) on super-
conducting NbSe2 flakes of 1.2–50 nm thickness. The tunnel
barriers are thin flakes of semiconducting WSe2 or MoS2

exfoliated by the van der Waals dry transfer technique de-
scribed in Ref. [38]. A Ti/Au normal counter electrode is
then evaporated on the semiconductor leading to the struc-
ture shown schematically in Fig. 2(a). An Ohmic contact to
the NbSe2 is also fabricated. The typical surface area of the
junction is about 1 μm2, and the resistance in the normal state
is >10 k�. The critical temperature Tc decreases from ∼7.2 K
in the thickest flakes to ∼2.6 K in the thinnest ones.

Using standard lock-in techniques, we first measure the
current I and differential conductance G = dI/dV across the
junctions as a function of applied bias voltage V [39] and
in-plane magnetic fields H|| in dilution refrigerators with base
temperatures 30–70 mK. G(V ) is proportional to the DOS
convolved with the derivative of the Fermi distribution func-
tion [40]. Therefore, in principle, the energy resolution of our
spectroscopy is given by the temperature and the integrated
voltage noise across the junction.

Typical G(V ) curves are shown for a 25-nm-thick sample
(junction J2) and a six-monolayer sample (junction J6) in

Figs. 2(b) and 2(c), respectively. The main differences be-
tween these junctions are as follows: (1) the superconducting
gap is smaller in the thinner device due to a smaller Tc, and
(2) the low-energy shoulder, very clearly seen in the thicker
junction, is absent in the thinner one. This is even more appar-
ent in the second derivative of the current as a function of the
voltage bias, dG/dV , in Figs. 2(b) and 2(c): The two peaks
in junction J2 merge to a single peak in junction J6. This
merging was previously observed [38,41], and we now see
that it persists in flakes up to 11 nm (≈15 monolayers) thick:
The two-gap superconductivity of bulk NbSe2 [42] is lost.
This is consistent with band structure calculations for bulk and
monolayer NbSe2: Whereas in the bulk three bands cross the
Fermi level [43,44] and two superconducting gaps have been
observed [38], in the monolayer a single band remains, which
crosses the Fermi level twice, resulting in hole pockets at the
K and K ′ points and at the � points [11]. A single-band theory
thus seems most suitable for the thinnest flakes.

Figures 2(d)–2(h) show the evolution of the dG/dV curves
of five junctions (junctions J1–J5) with increasing in-plane
magnetic field. Junctions J1 and J2, the thickest, show similar
responses to the applied field: The inner peak shifts to lower
energies faster than the outer peak. This is consistent with
previous experiments and is likely due to the 3D character
of the Se-pz-orbital-derived band at the � point, which is
associated with the smaller superconducting energy gap, as
well as its higher diffusion coefficient [38,45]. For the thinner
junctions, junctions J4 and J5, a single gap persists from zero
field up to 9 T.

As noted above, the robustness of the gap to applied mag-
netic fields is expected in thin samples due to Ising protection
and drastically reduced orbital depairing (Meissner effect).
To significantly reduce the gap and to study the effect of the
applied field on the density of states, it is necessary to go to
even higher fields.

Therefore we measure two tunnel junctions (junction J6,
six monolayers) and (junction J7, bilayer) in in-plane mag-
netic fields of up to 33 T at 1.3 K (pumped liquid helium).
Their critical temperatures are 5.4 K (HP = 10.5 T) and
2.6 K (HP = 5 T), respectively, giving �/kBTc ≈ 1.8, close to
the BCS prediction and in agreement with previous studies
[38,41]. (See Fig. S2 and inset [31].) Finally, the critical in-
plane fields are Hc = 18 T for junction J6 and Hc = 30 T
for junction J7, corresponding to Hc = 1.5HP and Hc = 6HP,
respectively. (See Fig. 4). These junctions had earlier been
characterized at 50 mK (dilution refrigerator) at zero magnetic
field [Figs. 3(c) and 3(f)]: Hard gaps were observed, pointing
to tunneling as the main transport mechanism. These tunnel
spectra are well described by a fit to a BCS density of states,
broadened by an ∼200μeV effective temperature. Though
higher than the bath temperature, this broadening does not
affect the determination of the energy gap, which can be done
with high precision [46].

III. DISCUSSION

The evolution of G(V ) with the in-plane magnetic field
at 1.3 K is shown in Fig. 3(a) (junction J6) and Fig. 3(d)
(junction J7). For clarity, spectra at selected magnetic
fields are also shown in Figs. 3(b) and 3(e) together with
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FIG. 3. Differential conductance G = dI/dV as a function of the
bias voltage V and of the in-plane magnetic field H|| of junction
J6 [six monolayers, (a)–(c)] and junction J7 [bilayer, (d)–(f)]. The
tunneling spectra are normalized by the normal state conductance,
GN (V ), measured above Hc. (a) and (d) Color map of G(V ) as a
function of field at 1.3 K. The dashed lines indicate the critical fields.
(b) and (e) Horizontal slices of the data in the color maps (a) and (d),
respectively, showing G(V ) at different fields, vertically displaced
for clarity. The black curves are fits to an Abrikosov-Gor’kov-like
(A-G-like) density of states, with the energy gap and A-G broad-
ening parameter as fitting parameters. (The gap is not determined
self-consistently.) (c) and (f) Data at 50 mK and zero magnetic field
(red curves) together with the fits obtained using a BCS DOS and
an effective temperature (black curves). The superconducting gaps
obtained from the fits are 800 and 400 μeV, respectively, while the
effective temperatures are 0.9 and 1 K, respectively.

an Abrikosov-Gor’kov-like density of states with a field-
dependent broadening parameter [34,47], convolved with a
Fermi function to account for the temperature. The fits ac-
count very well for the experimental data.

The superconducting gaps obtained from these fits are
shown as a function of the in-plane magnetic field in Fig. 4
and compared with theory.

For the six-monolayer device, a simple Ising model ac-
counts for the data reasonably well (Fig. 4, leftmost dashed
blue curve). The fitting parameters are given in the caption of
the figure.
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FIG. 4. Normalized superconducting gap as a function of the in-
plane magnetic field �(H||) obtained from the fits of the quasiparticle
density of states in Fig. 3. The error bars were obtained following
the procedure described in Supplemental Material Sec. I A. The
blue dashed curves are a fit of experimental data using the Ising
theory alone. Here, ESO = 14.45Tcs (with Tcs = 2.6 K) for the bilayer
sample and ESO = 2.21Tcs (with Tcs = 5.4 K) for the six-monolayer
(6ML) sample. In brown is the Ising theory with an equal-spin
triplet component of the order parameter as described in the text.
Here, ESO = 9.62Tcs and Tct = 0.05Tcs, with Tcs = 2.6 K. Finally, the
solid black curve is calculated using the Ising theory with strong
disorder (equivalent to the Abrikosov-Gor’kov theory). In all cases,
the critical field is constrained to be the experimental one.

Focusing on the thinner, bilayer device (junction J7), we
see that the Ising theory alone without triplet pairing fits the
data reasonably well up to about 20 T, but not close to the
critical field, where the superconducting energy gap is more
robust than expected (Fig. 4, rightmost dashed blue curve).

This key experimental finding is suggestive of a second
order parameter, which is revealed as the dominant order
parameter disappears [23]. Indeed, introducing a small ESTP
component of the gap (triplet model), a better fit of the over-
all experimental data is obtained (Fig. 4, brown curve). The
temperature of the experiment (1.3 K) is above the triplet
critical temperature (Tct = 0.05Tcs = 130 mK, obtained from
the fit). Therefore the ESTP order parameter �tB exists only
through its coupling with the singlet order parameter �s, and
its main effect is to enhance the critical field through the
coupling with the singlet order parameter. In addition, the
triplet subdominant component also renders the gap vs field
dependence more linear [Fig. 1(c)].

Our fit also gives ESO = 9.62Tcs (∼2.2 meV). This is a
lower bound for ESO, as intervalley (K − K ′) scattering is not
taken into account. If it is, higher values of ESO will have to be
used to arrive at the same Hc

|| , but the shape of the �(H||) curve
is similar. Furthermore, we note that the shape of �(H||) in
the triplet model is by construction impervious to intravalley
scattering. Our ESO value is consistent with the upper bound
for ESO given by angle-resolved photoemission spectroscopy
(ARPES) measurements, which indicate ESO � 20 meV (the
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measurement resolution), significantly lower than theoretical
predictions [48].

For completeness, we also show the Ising theory
with strong intervalley scattering (equivalent to Abrikosov-
Gor’kov theory), where the only fitting parameter is the
critical field (Fig. 4, black curve). This does not fit the data
at all: The experimental � is consistently smaller than that
predicted by the theory, which also fails to reproduce the
“linear” part of the curve at intermediate fields.

At present, much of the literature on quantum transport in
few-layer NbSe2 includes only the hole pockets at the K and
K ′ points, as we did, even though there is also a hole pocket
at the � point [11]. In Supplemental Material Secs. II C and
II D, we consider models which include only �s, and K − �

and K ′-� coupling and neglect all triplet order parameters.
These are found not to fit our data well, given the known level
of disorder in the sample, thus strengthening the case for the
ESTP interpretation [49].

Regarding ESTPs, we note that, within the scenarios of
Refs. [28,29] mentioned earlier, the triplet order parameters
allowed by symmetry such as �tB have to be nearly degen-
erate with the leading singlet order parameter. Attraction in
the triplet channel is supported by recent density functional
theory (DFT) calculations [11]; however, there is at present no
evidence of near degeneracy between triplet and singlet chan-
nels. Our interpretation does not require near degeneracy, and
the singlet-triplet coupling comes from a clear microscopic
mechanism (the in-plane magnetic field), which is quantita-
tively accounted for both in the theory and in the analysis of
the experimental data.

While previous reports on Andreev spectroscopy exper-
iments have shown a reduction of the gap consistent with
field-induced depairing in the presence of Ising protection
[50], our hard-gap tunnel junctions allow a nuanced and quan-
titative analysis of the possible microscopic mechanisms for
the enhancement of the critical field, pointing to the presence
of equal-spin triplet superconductivity.

Further study at even lower temperatures, independent
measurements of ESO, independent estimates of the K-� and
K ′-� coupling from theory or experiment, and momentum-
selective barriers would be helpful to unambiguously confirm
the existence of ESTPs in NbSe2.

IV. MATERIALS AND METHODS

Especially at high magnetic fields, special care was taken to
ensure that the applied magnetic field is parallel to the flakes.
It is aligned to better than ∼1◦. In addition, we checked that
the voltage noise due to mechanical vibrations is lower than
that from the thermal broadening [51].

The data sets generated and/or analyzed during the current
study are available from the corresponding author upon rea-
sonable request.
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