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Ising superconductivity and Majorana fermions in transition-metal dichalcogenides
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In monolayer transition-metal dichalcogenides (TMDs), electrons in opposite K valleys are subject to opposite
effective Zeeman fields, which are referred to as Ising spin-orbit coupling (SOC) fields. The Ising SOC, originating
from in-plane mirror symmetry breaking, pins the electron spins to the out-of-plane directions, and results in Ising
superconducting states with strongly enhanced upper critical fields. Here, we show that the Ising SOC generates
equal-spin-triplet Cooper pairs with spin polarized in the in-plane directions. Importantly, the spin-triplet Cooper
pairs can induce superconducting pairings in a half-metal wire placed on top of the TMD and result in a topological
superconductor with Majorana end states. Direct ways to detect equal-spin triplet Cooper pairs and the differences
between Ising superconductors and Rashba superconductors are discussed.
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Introduction. Monolayer transition-metal dichalcogenides
(TMDs) are two-dimensional (2D) materials composed of a
layer of triangularly arranged transition-metal atoms sand-
wiched between two layers of triangularly arranged chalco-
genide atoms, forming a 2D honeycomb lattice similar to
graphene but with broken sublattice symmetry [1,2]. With their
strong mechanical properties, relatively high electron mobility,
and a massive Dirac energy spectrum [3,4], monolayer
TMDs are considered potential materials for next generation
transistors [5–9]. Interestingly, due to the breaking of in-plane
mirror symmetry and strong atomic spin-orbit coupling (SOC),
electrons near the K and −K valleys are subject to strong
effective Zeeman fields [10–14], as depicted in Fig. 1(a). These
effective Zeeman fields strongly polarize electron spins to the
out-of-plane directions and the spin polarizations are opposite
at opposite valleys. To distinguish this special type of SOC
from 2D Rashba SOC which pins electron spins to in-plane
directions, we refer to this effective Zeeman field as the Ising
SOC field.

Even though the normal states of monolayer TMDs have
been studied extensively in recent years [15], the experimental
[16–22] and theoretical [23–26] studies of the superconducting
monolayer TMDs have only just started. It was first shown
recently that gated MoS2 thin films, with conducting electrons
trapped in a single layer, exhibit superconductivity at about
10 K with optimal gating [16,17]. Importantly, the in-plane
upper critical field Hc2 of the system can be several times
larger than the Pauli limit and an order of magnitude larger
than the Hc2 of bulk superconducting samples where inversion
symmetry is restored [19,20]. In recent experiments, mono-
layers of NbSe2 have been successfully fabricated, which are
superconducting [21], and the in-plane Hc2 exhibits strong
enhancement similar to gated MoS2 [22].

As explained in Refs. [19,20,22], Ising SOC has opposite
directions in opposite valleys so that it preserves time-reversal
symmetry and is compatible with superconductivity. Owing
to the strong pinning of electron spins to the out-of-plane
directions by Ising SOC, external in-plane magnetic fields are
much less effective in aligning electron spins. As a result, Hc2
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is strongly enhanced. We refer to this special type of non-
centrosymmetric superconductor as an Ising superconductor
[19,22].

In gated MoS2, the experimental data are well explained
by solving the self-consistent gap equation which includes the
Ising SOC fields of about 100 T (≈6 meV in Zeeman energy)
[19,20]. In NbSe2, the estimated Ising SOC is even larger
at about 660 T due to the stronger SOC in the hole bands
[22]. Both of the estimations extracted from the MoS2 and
NbSe2 experiments are consistent with the corresponding Ising
SOC found from density functional theory (DFT) calculations
[10,12,13].

However, important questions still remain: (1) Besides
the in-plane Hc2 measurements, are there other ways to
detect Ising superconductivity? (2) Are there any experimental
consequences of Ising superconductivity? This Rapid Commu-
nication is devoted to answering these questions.

In the following, we show that Ising SOC induces spin-
triplet pairing correlations in an s-wave superconductor.
Moreover, spin-triplet Cooper pairs are formed by electrons
with equal spins pointing to the in-plane directions. As a result,
half-metal leads with spin h polarized to the in-plane directions
can freely tunnel Cooper pairs into the superconductor. The
Andreev reflection tunneling amplitude decreases as h deviates
from the in-plane directions. This would give an experimental
signature of Ising superconductivity, as depicted in Fig. 2.
More importantly, when a half-metal wire is placed on top of
the Ising superconductor, spin-triplet pairing can be induced
on the wire given that h has in-plane components. This would
result in a one-dimensional (1D) topological superconductor,
which supports Majorana end states, as depicted in Fig. 1.
Finally, the differences between Ising SOC and Rashba SOC
are discussed.

Equal-spin pairing in Ising superconductors. To be specific,
we study the properties of Ising superconductivity in mono-
layer MoS2 but the conclusion obtained is very general and
can be applied to many other superconducting TMD materials
with Ising SOC. In recent experiments, electrons of MoS2

thin films are mostly trapped in the top layer due to heavy
liquid gating. The samples exhibit superconductivity when the
conduction bands near the K valleys are filled and the Tc is
about 10 K at optimal gating [16,17,19,20]. The conduction
bands near the K points are predominantly originating from
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FIG. 1. (a) The electrons near the K and −K valleys subject to
the Ising SOC fields in opposite directions. The effective Zeeman gap
is 2βso, as defined in Eq. (1). (b) A half-metal wire is placed on top
of a superconducting monolayer TMD. Majorana fermions (red dots)
appear at the ends of wire when the spin polarization h of the half
metal has in-plane components. (c) The energy spectrum of the setup
in (b) as a function of the chemical potential of the wire μw , using the
tight-binding model in Eq. (8). The red line highlights the topological
regime with Majorana modes. (d) The zero energy ground state wave
function of the system in the topological regime in (c). Evidently, two
Majorana fermions reside at the ends of the wire. The parameters of
(c) and (d) are given in the Supplemental Material [29].

the Mo 4dz2 orbitals of the triangularly arranged Mo atoms
[14,16]. The effective Hamiltonian near the K valleys, in the
basis of (ck↑,ck↓), can be written as [26]

H0(k = p + εK ) =
( |p|2

2m
− μ

)
σ0 + εβsoσz, (1)

where K = (4π/3,0) is the momentum of the K point, p
denotes the momentum deviated from K or −K points, and
ε = ± is the valley index. The out-of-plane direction is chosen
as the z axis. The βso term originates from the coupling between
the Mo atoms and the S atoms. As a result, this term breaks
the in-plane mirror symmetry. It pins the electron spins to the
out-of-plane directions and is referred to as Ising SOC here
to distinguish it from the Rashba SOC terms which arise due
to mirror symmetry breaking in the out-of-plane direction and
pin electron spins to the in-plane directions.

The superconducting MoS2 with spin-singlet s-wave pair-
ing potential �0 can be described by the following mean field
Hamiltonian in the Nambu basis (ck↑,ck↓,c

†
−k↑,c

†
−k↓):

HBdG(k) =
(

H0(k) �0iσy

−�0iσy −H ∗
0 (−k)

)
. (2)

As demonstrated in the seminal works in Refs. [27,28], the
pairing symmetry of the Cooper pairs can be found by solving
the Gor’kov equations to obtain the pairing correlations. The
pairing correlations are defined as

Fαβ(k,E) = −i

∫ ∞

0
ei(E+i0+)t 〈{ck,α(t),c−k,β(0)}〉dt. (3)

Using HBdG and expressing the pairing correlations in matrix
form, we have

F (k,E) = �0[ψs(k,E)σ0 + d(k,E) · σ ]iσy, (4)

where ψs parametrizes the spin-singlet pairing correlation and
the d vector parametrizes the spin-triplet pairing. The d vector
is parallel to the z direction in the Ising superconductor case
with d = (0,0,dz). Near the K valleys,

ψs( p + εK ,E) = E2
+ − �2

0 − ξ 2
p − β2

so

M( p,E+)
, (5)

dz( p + εK ,E) = 2εβsoξ p

M( p,E+)
(6)

where ξ p = | p|2/2m − μ, M( p,E) = (�2
0 + ξ 2

p − E2)
2 +

2β2
so(�2

0 − ξ 2
p − E2) + β4

so, and E+ = E + i0+.
It is possible to generalize the pairing matrix of the

Hamiltonian in Eq. (2) from �0iσy to [�0 + �tσz]iσy . As
shown in Ref. [26], the spin-triplet �t term belongs to the
same irreducible representation as the �0 term. Importantly,
this �t term does not change the form of the pairing correlation
matrix in Eq. (4) but enhances the triplet pairing correlation in
Eq. (6). The effect of �t on the pairing correlations is discussed
in the Supplemental Material [29].

It is important to note that for small βso the triplet pairing
correlation dz is linearly proportional to βso. As expected, the
Ising SOC generates the mixing of spin-singlet and spin-triplet
pairings [27,28] even when �t is zero [30]. In the basis where
the spin quantization axis is along the out-of-plane directions,
only the σx,σy components of F (k,E) are nonzero and both
the spin-singlet and spin-triplet Cooper pairs are formed by
electrons with opposite spins. However, by choosing the new
spin quantization axis in the xz plane, which forms an angle θ

with the z axis, the pairing correlations become

Fθ (k,E) =
( −dz sin θ ψs + dz cos θ

−ψs + dz cos θ dz sin θ

)
. (7)

When the spin quantization axis is along the x direction with
θ = π/2, all the triplet Cooper pairs are formed by equal-spin
electron pairs with spins pointing to in-plane directions. In the
following, we show that the property of possessing equal-spin-
triplet Cooper pairs has important experimental consequences
in the detection of Ising superconductivity and the creation of
Majorana fermions.

Detecting equal-spin Cooper pairs. As shown in Eq. (7),
the equal-spin-triplet pairing correlation is maximum when
the spin quantization axis is in plane and zero when the
axis is out of plane. When a half-metal lead is attached
to the Ising superconductor, as depicted in Fig. 2(a), only
equal-spin Andreev reflection processes, which inject equal-
spin Cooper pairs into the superconductor, are allowed since
all the electrons in the half metal are spin polarized. On
the other hand, ordinary Andreev reflection processes which
inject spin-singlet Cooper pairs into the superconductor are
strongly suppressed. Since the Cooper pairs in the Ising
superconductor have spin pointing to in-plane directions, the
equal-spin Andreev reflection amplitude is maximum when
the spin polarization h of the half-metal lead is parallel to the
in-plane directions. As h deviates from the in-plane directions,
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FIG. 2. (a) A half-metal lead is attached to an Ising super-
conductor. The spin polarization direction of the half metal is h.
Both spin-singlet and spin-triplet Cooper pairs can exist in Ising
superconductors due to Ising SOC. Equal-spin-triplet Cooper pairs
have electron spins pointing to the in-plane directions. Schematic
band structures are shown with the horizontal dashed line representing
the chemical potential. (b) and (c) The tunneling conductance at a
half-metal/Ising superconductor interface. βso = 0 in (b) and βso 	= 0
in (c). In (c), the tunneling conductance decreases when h deviates
from the in-plane directions. The parameters of (b) and (c) are given
in the Supplemental Material [29].

the Andreev reflection tunneling amplitude decreases and
becomes minimum when h is perpendicular to the in-plane
directions.

The tunneling charge conductance of the half-metal/Ising
superconductor junction is shown in Figs. 2(b) and 2(c), in the
absence and presence of the Ising SOC terms, respectively. The
currents are calculated using the recursive Green’s function
approach [31,32] based on the tight-binding model HTMD of
Eq. (8) discussed below. From Fig. 2(b), it is evident that,
when βso = 0, the in-gap charge conductance is zero. This is
due to the suppression of ordinary Andreev reflection in the
half-metal lead. When βso is finite, in-gap equal-spin Andreev
reflections are possible due to the triplet pairing correlations
induced by the Ising SOC and the in-gap conductance is finite.
Moreover, the conductance decreases when h deviates from
the in-plane direction (θ = π/2) and reaches the minimum
when h is perpendicular to the in-plane directions (θ = 0), as
expected.

If a CrO2 film, which has the magnetic easy axis pointing
to the out-of-plane directions, is used as the half-metal lead,
the spin polarization of CrO2 can be continuously tuned to
the in-plane directions by a small in-plane magnetic field
[33,34] which will not induce any orbital effects on the Ising
superconductor.

Majorana fermions in an Ising superconductor. The re-
alization of topological superconductors which support zero
energy Majorana bound states has been one of the most
important topics in condensed matter physics in recent years
[35–38]. One of the most promising ways to realize topological
superconductors is to induce pairing by proximity effects
on semiconducting wires with Rashba SOC and external
magnetic fields [39–47]. Magnetic atomic chains on Rashba
superconductors can potentially be used to realize Majorana
fermions [48].

Here, we point out that superconducting monolayer TMDs
provide an alternative route to realize Majorana fermions.
This is due to the fact that in-plane equal-spin-triplet pairing
correlations are induced by the Ising SOC. When a half-metal
wire is placed on top of the TMD, electrons with the same spin
can form pairs, as long as the spin polarization of the electrons
is not perpendicular to the plane. The induced pairing gap is
largest when the spin polarization in the half-metal wire is
aligned to the in-plane directions.

To demonstrate the induced equal-spin pairing effect on the
half-metal wire which is in proximity to the TMD, we consider
a system as depicted in Fig. 1(b). The system is described by
the following tight-binding Hamiltonian Htot,

Htot = HTMD + Hwire + Hc,

HTMD =
∑

R,j,ss ′
c
†
R,s

(
2

3m
σ0 + i

βso

3
√

3
σz

)
ss ′

cR+rj ,s ′

+
∑

R

�0c
†
R,↑c

†
R,↓ + H.c. −

∑
R,s

(
μ − 2

m

)
c
†
R,scR,s ,

Hwire =
∑
n,s

−twf †
nr0,s

f(n+1)r0,s − 1

2
μwf †

nr0,s
fnr0,s

+
∑
n,s,s ′

f †
nr0,s

(
1

2
h · σ

)
ss ′

fnr0,s ′ + H.c.,

Hc =
∑
n,s

−tcf
†
nr0,s

cnr0,s + H.c., (8)

where cR,s and fR,s are electron annihilation operators of the
TMD and the wire, respectively. The three lattice vectors of
the TMD are denoted as rj = (cos 2jπ

3 , sin 2jπ

3 ) (j = 0,1,2).
The hopping and chemical potential of the wire are denoted as
tw and μw, respectively, h denotes the polarization field in the
wire, and tc is the coupling between the wire and TMD.

In order to make the wire a half metal, we set |μw + 2tw| �
2|h| and the wire is parallel to the zigzag edge direction of the
TMD which is defined as the x direction. The wire can also be
placed along any other directions except the armchair direction
where the induced triplet pairing is zero.

Due to the translation symmetry along the wire, we can
integrate out the superconducting TMD and plot the spectral
function A(kx,ω) of the half-metal wire where

A(kx,ω) = i

2π
tr[GR(kx,ω) − GA(kx,ω)]. (9)

Here, GR/A(kx,ω) are the retarded/advanced Green’s functions
of the wire including the self-energy contribution from the
superconducting TMD. As shown in Fig. 3(a), an energy gap
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FIG. 3. The spectral function of a half-metal wire in proximity to
a monolayer superconducting TMD. (a) The spin polarization h of
the wire is in plane. An energy gap is induced on the wire. (b) h is
perpendicular to the plane. The superconducting TMD cannot induce
equal-spin pairing on the wire and the wire is gapless. The parameters
of the model are given in the Supplemental Material [29].

opens when the spin polarization h of the wire is parallel to the
in-plane direction. On the contrary, the pairing gap vanishes
when h of the half metal is out of plane, as shown in Fig. 3(b).
The energy spectrum of the system as a function of μw, with
h pointing to an in-plane direction, is shown in Fig. 1(c).
From Fig. 1(c), it is evident that there is a topological regime
with zero energy modes. The zero energy ground state wave
function for the system in the topological regime is depicted
in Fig. 1(d). It is evident that there is a Majorana end state
residing at each end of the half-metal wire.

Analytically, after integrating out the TMD background,
the effective Hamiltonian Heff of the half-metal wire at zero
frequency can be written as

Heff(kx,ω = 0) = (−2teff cos kx − μeff)τz + �eff sin kxτx.

(10)

Here, the basis is (akx
,a

†
−kx

) and akx
is the annihilation

operator of a spin polarized electron in the half-metal wire,
teff,μeff are effective hopping and effective chemical potential,
respectively, and �eff represents the equal-spin pairing induced
on the wire by the background TMD. It has the form
�eff ∝ Z�0βso sin θ . This indicates that the Ising SOC term is
essential in inducing the pairing on the half-metal wire and h
should have in-plane components as shown Fig. 3. Importantly,
Heff is the same as the Kitaev model of a 1D spinless p-wave
superconductor [49] which is topologically nontrivial when
|μeff| < 2teff. In other words, the half-metal wire is topological
as long as the conduction band is partially occupied. Since the
effective Hamiltonian of the system is in the D class [50],

introducing small Rashba SOC into the system [26,51] does
not affect the topological phase. It is important to note that �eff

can be comparable with �0 of the parent superconductor. In
the particular calculation in Fig. 3(a), the induced gap is about
one third of �0, which is about 1 meV in superconducting
NbSe2 or NbS2.

It is important to note that superconducting TMD provides a
very practical way to create Majorana fermions. One may place
a half-metal wire such as CrO2 on top of a superconducting
TMD as depicted in Fig. 1(b), and then apply an in-plane
magnetic field (in any in-plane direction) to align the spins of
the half metal. One may also use magnetic atomic chains [48]
to replace the half-metal wire. As shown in recent experiments,
superconducting TMDs indeed have extremely large in-plane
Hc2, above 50 T, as shown in Refs. [19,20,22], such that the in-
plane magnetic field will not destroy the bulk superconducting
properties of the system.

We can now compare Ising superconductors with Rashba
superconductors. In 2D Rashba superconductors with a Rashba
vector g, where g is pointing to the in-plane directions, the
induced equal-spin Cooper pairs in Rashba superconductors
have spins aligned in the out-of-plane directions [28,29]. When
a half-metal wire is placed on top of a Rashba superconductor,
a superconducting pairing gap can be induced on the wire
when the spin polarization of the wire h has out-of-plane
components. This results in a topological superconductor.
However, the induced pairing gap vanishes when h is in the
in-plane direction and perpendicular to the wire. A detailed
comparison between Ising and Rashba superconductors can
be found in the Supplemental Material [29].

Moreover, Ising SOC in TMD materials is very strong and
can cause band splitting of over 100 meV. We believe that, a
monolayer or a few layers of NbSe2 and NbS2, being intrinsic
superconductors with strong Ising SOC in the hole bands
[21,22], are particularly promising materials for realizing
Majorana fermions.

Conclusion. In this work, we show that Ising SOC induces
equal-spin-triplet pairs with electron spins pointing to the in-
plane directions. The equal-spin Cooper pairs can be detected
in tunneling experiments. Majorana fermions can be created
when a half-metal wire is placed on top of a superconducting
TMD.
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