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Universal route to chiral Ising superconductivity in monolayer TaS2 and NbSe2
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We investigate Ising superconductivity in two archetypal intrinsic superconductors, monolayer 1H − TaS2

and 1H − NbSe2, in a bottom-up approach. Using ab initio-based tight-binding parametrizations for the relevant
low-energy d bands, the screened interaction is evaluated microscopically in a scheme including Bloch overlaps.
In direct space, the screened potential for both systems displays long-range Friedel oscillations alternating in
sign. Upon scaling, the oscillation pattern becomes universal, with the location of minima and maxima locked
to the lattice. Solving the momentum-resolved gap equations, a chiral ground state with p-like symmetry is
generically found. Due to the larger Ising spin-orbit coupling, the chiral gap is more anisotropic in TaS2 than
in NbSe2. This is reflected in tunneling spectra displaying V-shaped features for the former, in quantitative
agreement with low-temperature scanning tunneling experiments on TaS2. At the same time, our results reconcile
the apparent discordance with hard gap tunneling spectra reported for the sibling NbSe2.

DOI: 10.1103/bh1n-sc95

Introduction. Few-layer transition metal dichalcogenides
(TMDCs) offer unprecedented opportunities to design novel
quantum materials by gating and proximity effects with
substrates, impurity doping, or by exploiting their strong
spin-orbit coupling (SOC). This also concerns their supercon-
ducting properties [1].

Among the most investigated intrinsic TMDCs supercon-
ductors are NbSe2 and TaS2, which display charge-density
waves already in their bulk phase [2–4] and show signa-
tures of unconventional superconductivity in the few-layer
limit [5–8]. The diverse properties of TMDCs are governed
by their crystal phases [9]. Here we focus on the trigonal
prismatic 1H-TMDCs. In their bulk form, these TMDCs pos-
sess a global inversion center, but are noncentrosymmetric
at the monolayer level. Viewed from above, the monolayer
crystal forms a hexagonal lattice similar to graphene but with
two inequivalent sublattice sites occupied by the M and X
atoms; see Fig. 1. The lack of inversion symmetry leads to
Ising SOC, pinning the electron spins in the out-of-plane
direction [1,5,10], which qualitatively impacts key features
of the superconducting state. For example, it leads to a vi-
olation of the Pauli limit under strong in-plane magnetic
fields [1,8,11–16] and yields the potential to realize exotic
topological phases [17–19].

Despite recent years having witnessed a surge of growing
interest in Ising superconductivity of monolayer TMDCs, the
pairing mechanisms are still actively discussed. They range
from phonon-mediated [20–22] to more exotic ones resulting
from competing electronic repulsion, where even predictions
on the symmetry of the gap may differ [19,23–26]. When elec-
tron pairing arises from virtual phonon exchange [27], the ions
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mediate an effective attractive interaction that favors s-wave
pairing, with gap functions isotropic in momentum space. If
superconductivity emerges from screened repulsion, the pair-
ing function is anisotropic [28] and its symmetry is associated
to irreducible representations of the crystal. Two-dimensional
(2D) systems with triangular lattices allow two-dimensional
representations and are potential candidates for becoming chi-
ral superconductors [29–31].

This uncertainty on the nature of superconductivity in
few-layer TMDCs is partly due to the inherent difficulty of
a realistic modeling of many-body effects, which properly
accounts for the reduced screening of the Coulomb interac-
tion in low dimensions [32,33]. Latest ab initio studies have
confirmed the long-range nature of the screened interaction in
monolayer TMDCs [34].

In a recent work [26], some of us proposed a bottom-up
approach to unconventional superconductivity in monolayer
NbSe2 involving a microscopic calculation of the screened
Coulomb interaction. Within a generalized random phase
approximation (RPA) in momentum space, a strong sup-
pression of intravalley over intervalley processes due to the
electron-hole fluctuations of the metal was demonstrated. In
the real space, this gives rise to long-range Friedel oscilla-
tions [35] of the screened Coulomb potential alternating in
sign. Cooper pairing among the electrons then emerges when
taking advantage of the attractive regions, a manifestation
of the pure electronic mechanism for superconductivity pro-
posed by Kohn and Luttinger [36]. By solving self-consistent
gap equations, the appearance of a chiral ground state with
p-wave character was found.

Triggered by the above results, some fundamental ques-
tions arise which will be investigated in this Letter. The first
one concerns the nature of superconductivity in monolayer
1H − TaS2, another archetypal TMDC superconductor. Since
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FIG. 1. Crystalline structure of monolayer 1H-TMDCs seen
from the top with the metal (blue) and the chalcogen (yellow) atoms.
The electronic structure at the Fermi level is mostly determined by
the d orbitals of the metal atom. The latter atoms span a triangular
lattice with generators a1 and a2. The distance between neighboring
metal atoms equals the lattice spacing a in the x direction while
dnn = √

3a is in the y direction.

the band structure is similar, one can still expect the un-
conventional Kohn-Luttinger mechanism to apply as for the
NbSe2. However, will the stronger Ising SOC [8] also modify
the nature of the ground state? If the gap is still chiral, how
can one reconcile this with the seemingly different scanning
tunneling spectroscopy (STS) spectra reported for the two
systems? While low-temperature STS data for 1H − NbSe2

are compatible with a fully gapped s-like or chiral phase [37],
the STS spectra for 1H − TaS2 have rather a V-like shape [38].

In this Letter, we have applied the methodology from
Ref. [26] to evaluate the screened interaction in 1H − TaS2.
To identify universal features, for both test systems the

investigation of the real-space interaction was extended to
several lattice periods. We found that, upon proper scaling,
the Friedel oscillations of NbSe2 and TaS2 display almost
identical behavior, with anisotropic oscillations dictated by
the D3h symmetry of the underlying crystalline lattice. In a 2D
Fermi liquid, the Kohn-Luttinger anomaly generically leads
to p-wave pairing [39]. By solving the gap equations, we
confirm the emergence of a p-like chiral ground state also for
1H − TaS2. Importantly, the larger Ising SOC arising from
the Ta atoms yields a stronger anisotropy of the chiral gap
compared to 1H − NbSe2. This results in V-shaped tunneling
spectra for TaS2, despite the gapped nature of the chiral phase,
similar to the STS experiments [38]. Our results establish the
Kohn-Luttinger mechanism as possible route to superconduc-
tivity in 2D TMDCs and identify in the distinct strength of the
Ising SOC the reason for seemingly different low-temperature
STS spectra.

Band structure and orbital composition. We start from a
tight-binding model for the Bloch band structure of metallic
1H-TMDCs, like NbSe2 or TaS2, obtained by using their
three most relevant d orbitals [40] fitted to ab initio calcula-
tions [17,41]; for additional clarity, see also the Supplemental
Material (SM) [42] (see also Refs. [43–45] therein). As seen
in Fig. 2, there are two metallic bands relevant for supercon-
ducting pairing at the Fermi level which are split by Ising
SOC [40]. Multiple disjoint Fermi surfaces are present, shown
in the insets of Figs. 2(a) and 2(b). While the planar d orbitals
mostly contribute to the band composition around the K and
K ′ valleys, d2,0 is dominant at the � valley [40]. The impact
of the Ising SOC is clearly more prominent in TaS2 than in
NbSe2.

We restrict to the spin-split metallic bands at the Fermi
level, for which the many-body Hamiltonian in the Bloch

FIG. 2. Band structure, Fermi surface, and orbital contributions in monolayer 1H − NbSe2 and 1H − TaS2. (a), (b) Tight-binding Bloch
bands (top) and Fermi surfaces (inset) with spin degeneracy removed by the Ising spin-orbit coupling. Due to the larger spin-orbit coupling,
the �- and K-Fermi surfaces get closer in TaS2 compared to NbSe2. Bottom: Sketch of the three atomic dl,m orbitals used in the calculation.
The quantum numbers l, m denote the total angular momentum of the orbital and its azimuthal projection.
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FIG. 3. Screened RPA interaction for TaS2. (a) In the reciprocal space, the screened interaction is positive and inherits the D3h symmetry
of the lattice. The exemplary element of the interaction matrix corresponding to normal processes is shown. It is strongly suppressed at small
transferred momenta q� while maxima are seen for momenta qK at the corners of the Brillouin zone. (b) In the real space, the interaction is
largely anisotropic and displays Friedel oscillations with alternating positive and negative regions. The oscillations persist longest (shortest)
along the y (x) axis (and the lines obtained from those by a 2π/6 rotation). A zoom into the central area of (b) is shown in (c), overlaid with
the Ta and S atomic lattice.

basis has the form

ĤMB =
∑

k,σ

ξk,σ ĉ†
k,σ

ĉk,σ + V̂ , (1)

where the first term describes independent Bloch electrons
with energies ξk,σ measured from the Fermi level, and ĉ(†)

k,σ

are annihilation (creation) operators of Bloch electrons with
crystal momentum k and spin σ . The second term is the
screened Coulomb interaction. Its form is crucial to assess
whether a purely electronic pairing mechanism can take place.

Screened Coulomb interaction and Friedel oscillations. In
crystalline systems, the screened interaction V (r, r′) is, in
general, a function of both positions of the two interacting
charges. A closed form evaluation of the screened interaction
can be obtained in the RPA, in which the polarizability is
approximated by that of independent Bloch electrons [32]. In
monolayer TMDCs, with the d orbitals tightly confined to the
plane of the material, one finds the expansion [26]

V RPA(r, r′) = 1

A
∑

q,G,G′
V 2D

G,G′ (q)ei(q+G)·re−i(q+G′ )·r′
, (2)

where G, G′ are reciprocal lattice vectors, q is a crystal mo-
mentum, A is the sample area, and V 2D

G,G′ (q) is the screened
interaction tensor.

In Fig. 3, we display the screened RPA interaction for
TaS2. The element V macro(q) := V 2D

0,0 (q) is shown in Fig. 3(a)
and provides the macroscopic, long-range component of the
interaction.

Similarly to what was reported for NbSe2 in Ref. [26], it is
strongly suppressed for q ≈ q� , and displays maxima at ±qK ,
which supports the scenario of unconventional pairing arising
from dominant intervalley scattering [24,46].

When looking at the potential in the real space, V RPA(r, R),
with r′ = R fixed to a Ta site, alternating repulsive and at-
tractive regions are seen, cf. Fig. 3(b). A large anisotropy is

observed which respects the D3h symmetry of the lattice with
very different decay along preferential directions.

One finds on-site repulsion at the origin and minima or
maxima about halfway to neighboring atom sites, Fig. 3(c).
Hence, the Friedel oscillations are locked to the lattice, in
contrast to the case of the interacting electron gas studied by
Kohn and Luttinger for simple metals [36]. We find a very
similar oscillation pattern when calculating the screened in-
teraction for NbSe2, which hints at a universal behavior upon
proper scaling. This is confirmed in Fig. 4, where the screened
interactions for NbSe2 and TaS2 almost collapse onto the same
curve when divided by their value at the origin and plotted in
units of the lattice constant. The oscillations persist at very
long distances, whereby the longer lasting ones along the y
axis are periodic with the next neighbor distance dnn = √

3a,
and the faster decaying ones along the x axis have the period
3a. This general behavior suggests that the two materials
should also share similar features in the superconducting state.

Gap equation and leading instabilities near Tc. We next
discuss the properties of the superconducting instability medi-
ated by the screened potential. With this aim, we conveniently
work in the Bloch basis. Time-reversal symmetry favors
scattering between time-reversal partners, as shown in the
SM [42]. We hence consider in the following the interaction
matrix elements Vk,k′,σ := 〈k′, σ ; k̄

′
, σ̄ | V̂ |k, σ ; k̄, σ̄ 〉, where

k, k′ are in-plane momenta within the first Brillouin zone.
The restriction to Kramers pairs of Bloch states yields a low-
energy Hamiltonian of the typical BCS form [27]. Performing
a mean field approximation, in turn, leads to the familiar BCS
gap equation

�k,σ = −
∑

k′
Vk,k′,σ�(Ek′,σ )�k′,σ , (3)

where the gap enters �(E ) = tanh(βE/2)/2E through
the quasiparticle energies Ek,σ =

√
ξ 2

k,σ + |�k,σ |2, and β =
1/kBT is the inverse temperature.
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FIG. 4. Universality of Friedel oscillations. The screened po-
tentials for TaS2 and NbSe2 almost collapse onto the same curve
when scaled by their value at the origin and plotted in units of
the respective lattice constant. The oscillations persist over long
distances and have a periodicity 3a in the x direction and dnn = √

3a
in the y direction. The lattice spacings are taken to be aTaS2 =
3.342 Å, aNbSe2 = 3.445 Å; the interactions V RPA

TaS2
(0, 0) = 24.33 eV,

V RPA
NbSe2

(0, 0) = 23.07 eV.

To access observables near the phase transition, one lin-
earizes Eq. (3) by replacing the excitation energies Ek,σ

with the single-particle energies ξk,σ and solving the re-
sulting linear problem in a range of ±	 around the Fermi
energy [19,25]. The instabilities with the highest Tc for
NbSe2 have been investigated in Ref. [25] using a top-down
Hubbard-Kanamori model in the atomic basis and in Ref. [26]
within the bottom-up approach also adopted in this Letter.
Here we focus on the leading instabilities of 1H − TaS2,
which are shown in Fig. 5. They belong to irreducible rep-
resentations of the D3h symmetry group. We find as the
dominant pairing two degenerate nematic p-like solutions of
the E ′ z-triplet type (with singlet admixture). Similar conclu-
sions have been reported in a top-down model calculation by
Roy et al. [47]. These solutions are followed by the SOC-
introduced combinations of the A′

1 s-like singlet and f -like
z triplet, with the latter a previously discussed candidate for
the superconducting phase of monolayer TaS2 [38]. The crit-
ical temperatures of these solutions depend on the associated
eigenvalues λ of the pairing matrix and the cutoff in energy
which we fixed to 	 = 100 meV.

Chiral px + ipy groundstate and comparison with exper-
iments. The two leading solutions of the pristine system are
degenerate nematic gaps, which will remain quasidegener-
ate for weak enough breaking of the symmetry. This allows
for the emergence of a chiral gap, i.e., a complex linear
combination of the two nematic solutions, at temperatures
below Tc [48]. To what extent a nodal nematic solution or

FIG. 5. Instabilities near Tc for TaS2. At the critical temperature,
the leading gaps are twofold degenerate solutions of predominant E ′

z-triplet type (top panels). They are followed by SOC-allowed linear
combinations of the A′

1 type (bottom panels). Due to the strong ad-
mixture of s-like and f -like contributions, these gaps have nodes on
the � Fermi surfaces. A complex linear combination of the nematic
E ′ solutions results in a fully gapped chiral gap.

the gapped chiral phase is the preferred ground state can be
determined by solving the self-consistency equation, Eq. (3),
as a function of temperature. To this aim, we expanded
both the interaction and the order parameter in basis func-
tions of the appropriate irreducible representations of the D3h

symmetry group [19,49,50] and solved a set of coupled
equations for the expansion coefficients as a function of the
temperature. We find a fully gapped chiral phase at zero
temperature, similarly to what was predicted for monolayer
NbSe2 [26]. The magnitude of this chiral gap at T = 0 mK
is displayed in Fig. 6 together with a comparison with the
experimental STS data from Ref. [38]. As seen in Fig. 6(a),
the chiral gap is strongly dispersive on the � Fermi surface,
where it also attains its maximal value. The experiments were
performed on monolayer 1H − TaS2 epitaxially grown on a
highly oriented pyrolitic graphite substrate; see Ref. [38] for
details of the setup. The measured observable is the differen-
tial tunneling conductance (dI/dV ), which is proportional to
the spectral function of the sample. The experimental dI/dV
averaged over 12 spectra measured at different locations at
350 mK is shown in Fig. 6(b) and fitted to the tunneling
density of states obtained from the chiral gap. The theoretical
differential conductance shown in Fig. 6(b) is calculated using
the coupling to the � and K Fermi pockets as free parameters.
A table of the used parameters is found in the SM [42]. We
find a much larger coupling to the states on the � Fermi
surface compared to those near the K and K ′ valleys, in
agreement with the sensitivity of STM to states with small
in-plane momentum [45,51], and the d2,0 character of the
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FIG. 6. Chiral gap and STS spectra for TaS2. (a) A complex
linear combination of the two E ′ z triplets provides the ground state
of the system. It is fully gapped with a phase winding clockwise
around the � Fermi surface. (b), (c) Experimental spectra recorded at
T = 350 mK are well fitted with a theoretically evaluated differential
conductance which uses the chiral gap. A similar good agreement
is found if the nematic or the s + f solutions are used since the
associated best fit theoretical curves are very close.

orbitals at the � valley. Despite the quasiparticle spectrum
being fully gapped, the strong variation of the order parameter
on the � Fermi surface leads to tunneling spectra mimicking
a nodal gap, i.e., a V -like shape of the dI/dV as observed
in the experiment. Indeed, the same spectroscopy data could
be fitted by assuming a standard nodal f gap [38]. By using
the nematic solution or the subleading s + f gap function, a
similar good fit can be obtained as well, as seen in Fig. 6(c).

Conclusions. Our results show that a mechanism purely
based on long-range screened Coulomb repulsion can rec-
oncile theoretical expectations of chiral superconductivity
in 2D triangular lattices with seemingly contradicting low-
temperature STS experiments. To this extent, it is crucial to
account for the Ising SOC present in the monolayer TMDCs,
which mixes nominally even and odd solutions and yields
a dispersive, albeit gapped, chiral phase. Despite the above
results being promising, they are not yet conclusive: Further
experiments are needed to confirm the chiral nature of the gap,
while a full theoretical treatment should include electron- and
phonon-mediated mechanisms on the same footing.

While the focus of this Letter was on intrinsic TMDCs su-
perconductors, the bottom-up method developed here is more
general and could be helpful to unravel universal features
and the leading pairing mechanism of other low-dimensional
superconductors. A natural candidate is monolayer MoS2,
a direct gap semiconductor which becomes superconducting
upon doping [52] and for which a Kohn-Luttinger mechanism
has been suggested [46]. Furthermore, evidence for chiral
d-wave superconductivity has been reported for tin mono-
layers on a Si(111) surface [53], and a transition from a
nematic to a chiral phase has been proposed for the layered
4Hb − TaS2 [54,55].
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