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Recent experiments reported gate-induced superconductivity in the monolayer 1T0-WTe2 which is a
two-dimensional topological insulator in its normal state. The in-plane upper critical field Bc2 is found to
exceed the conventional Pauli paramagnetic limit Bp by one to three times. The enhancement cannot be
explained by conventional spin-orbit coupling which vanishes due to inversion symmetry. In this Letter, we
unveil some distinctive superconducting properties of centrosymmetric 1T0-WTe2 which arise from the
coupling of spin, momentum and band parity degrees of freedom. As a result of this spin-orbit-parity
coupling (SOPC): (i) there is a first-order superconductor-metal transition at Bc2 that is much higher than
the Pauli paramagnetic limit Bp, (ii) spin-susceptibility is anisotropic with respect to in-plane directions and
can result in possible anisotropic Bc2, and (iii) the Bc2 exhibits a strong gate dependence as the spin-orbit-
parity coupling is significant only near the topological band crossing points. The importance of SOPC on
the topologically nontrivial inter-orbital pairing phase is also discussed. Our theory generally applies to
centrosymmetric materials with topological band inversions.
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Introduction.—Recently, centrosymmetric monolayer
1T0-structure WTe2, which is a two-dimensional topo-
logical insulator with helical edge states [1–5], has been
found to become superconducting upon electrogating [6,7].
The coexistence of helical edge states and super-
conductivity establishes the system as a promising platform
to create Majorana fermions [8,9] and thus attracts wide
on-going attention. Interestingly, the in-plane Bc2 of the
superconducting topological insulator was found to be one
to three times higher than the usual Pauli paramagnetic
limit Bp [6,7].
It has been well established that spin-orbit couplings that

lift spin degeneracies in electronic bands can enhance the
Bc2 in noncentrosymmetric superconductors [10,11]. In
particular, Ising superconductors, such as noncentrosym-
metric 2H-structured MoS2, NbSe2, and WS2, have been
shown to exhibit in-plane Bc2 that is several times higher
than Bp due to Ising spin-orbit coupling [12–23]. Despite
similar chemical compositions and layered structures,
1T0-structured WTe2 respects inversion symmetry such
that spin-orbit coupling terms that involve only spin and
momentum degrees of freedom are forbidden [1–3].
Therefore, the mechanism behind the observed enhance-
ment of Bc2 remains unknown.
In this Letter, we show that inversion symmetry allows

the spin, momentum, and parities of the electronic states
to couple in 1T0-WTe2. We refer to this coupling as
spin-orbit-parity coupling (SOPC). The SOPC not only
opens a topological gap (as depicted in Fig. 1), and creates
the helical edge modes [1–5], but it also pins the
electron spins and renormalizes the effect of external
Zeeman fields to enhance the Bc2. Importantly, the SOPC

dramatically affects the superconducting properties such
that (i) 1T0-WTe2 undergoes a first-order superconductor-
metal transition at Bc2, similar to conventional s-wave
superconductors [24]; however, the transition happens at a
much higher field than Bp. (ii) The spin susceptibility and
Bc2 can be anisotropic with respect to in-plane magnetic
field directions. (iii) The Bc2 is strongly gate dependent as
the SOPC is effective only for states near the topological
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FIG. 1. Schematic band structure of two inverted bands without
spin-orbit-parity coupling (SOPC) (a) and with SOPC coupling
(b). Theþð−Þ sign labels the even (odd) parity of the band. Bands
with even and odd parities in 1T0-WTe2 originate predominantly
from the d- and p-atomic orbitals, respectively. In (b), the SOPC
opens a topologically nontrivial gap at the band crossing points
and edge states emerge (thin lines in the gap). Only states close to
the crossing points with heavily mixed orbital parities
can experience strong SOPC. The horizontal dashed line in
(b) denotes the chemical potential at which superconductivity is
observed in the experiment.
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band crossing points (band crossing involving bands with
opposite parities). These properties distinguish super-
conductors with SOPC from noncentrosymmetric and
convensional s-wave superconductors. Comparison among
superconductors with SOPC, Ising superconductors, and
conventional s-wave superconductors is presented in
Table I.
Importantly, SOPC widely exists in topological materials

such as superconducting Cu-doped Bi2Se3 [25–28].
However, orbital depairing effects in three-dimensional
materials overwhelm the Zeeman effect in the super-
conducting state. Moreover, superconductivity in Cu-doped
Bi2Se3 sets in when the chemical potential lies high above
the band crossing points where the SOPC effect is weak
[29,30]. Therefore, atomically thin 1T0-WTe2, being super-
conducting near the band crossing points as depicted in
Fig. 1(b), provides an ideal platform to study spin-orbit-
parity-coupled superconductivity. Interestingly, we further
show that SOPC is important for stablizing the interorbital
pairing phases which can be topologically nontrivial.
Moreover, an enhanced Bc2 has been observed in

centrosymmetric monolayer 1T0-MoTe2 [31], which was
attributed to Rashba spin-orbit coupling due to gate-
induced inversion breaking. Our theory suggests that the
Bc2 enhancement in 1T0-MoTe2 can be readily explained
by the SOPC and inversion breaking is inessential.
Model Hamiltonian of superconducting monolayer

1T0-WTe2.—The symmetry group of a monolayer
1T0-WTe2 is generated by time reversal, one in-plane
mirror symmetry, and spatial inversion. These symmetries
dictate the form of a four-band k · p Hamiltonian which
describes the normal state of WTe2 [1,32]:

H0ðkÞ ¼ ϵ0ðkÞ þMðkÞsz þ vkxsy þ Axkxsxσy

þ Aykysxσx þ Azkysxσz; ð1Þ

where ϵ0ðkÞ ¼ tþx k2x þ tþy k2y þ 1
2
t0xk4y þ 1

2
t0yk4y − μ, MðkÞ ¼

−δþ t−x k2x þ t−y k2y − 1
2
t0xk4x − 1

2
t0yk4y. Here, the s matrices

operate on the orbital degrees of freedom formed by
(p, d) orbitals with opposite parities, and σ matrices act
on the spin space. Notably, δ determines the order of the
band at k ¼ 0. When δ > 0, there is a band inversion while
the SOPC terms open a topologically nontrivial gap and the
system become a topological insulator as schematically
depicted in Fig. 1(b). Derivation of the symmetry allowed

terms and the model parameters are given in the
Supplemental Material [32]. In H0, the energy dispersions
of the bands are given by ξ�ðkÞ [as shown in Fig. 2(a)],
with each band being twofold degenerate due to both the
spatial inversion and time-reversal symmetries.
We emphasize that the usual spin-orbit coupling terms

which involve k and σ only are forbidden by inversion
symmetry. However, it is possible to have an SOPC term
ĝ · σ, where ĝ ¼ ðAyky; Axkx; AzkyÞsx. Importantly, the
SOPC term is proportional to sx and hΨðkÞjĝ · σjΨðkÞi
is significant only for Ψ with strongly hybridized p
and d orbitals. This happens only near the topological
band crossing points as schematically depicted in
Fig. 1(b). Interestingly, superconductivity in 1T0-WTe2
was observed experimentally when conduction band states
near the band crossing points at �Q are filled [Fig. 2(a)]
with charge density n ∼ 1013 cm−2 [6,7]. Thus, 1T0-WTe2
is an ideal platform to study the effects of SOPC on
superconductivity.
Assuming on site attractive interactions to be dominant,

the intraorbital singlet-pairing phase is expected to be
energetically favorable. In this case, the superconducting
state under an in-plane magnetic field B can be described
by the Bogoliubovde Gennes Hamiltonian:

HBdGðkÞ ¼ H0ðkÞη3 þ
1

2
gsuBB · σ þ Δη1; ð2Þ

TABLE I. Comparison among centrosymmetric spin-orbit-parity-coupled (SOPC), Ising, and conventional superconductivity.

Type of superconductors SOPC Ising Conventional

Pairing correlations Singlet Singlet-triplet mixing Singlet
χsðT ¼ 0Þ Zero Finite Zero
In-plane Bc2 > Bp > Bp ¼ Bp
B-driven superconductor-metal transition as T → 0 First order Continuous First order
Directional dependence of in-plane Bc2=χs Anisotropic Isotropic Isotropic
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FIG. 2. (a) Normal-state band structure of monolayer WTe2.
Hybridyzation between p and d bands from SOPC opens a
topologically nontrivial gap near�Q and results in twoQ valleys
in the conduction bands. (b) Expectation value of spin-y
component hσyi without (left) and with (right) SOPC on the
Fermi surface contours under a weak Zeeman field B ¼ Byŷ
(Zeeman strength ∼1 meV, contours around þQ is shown here).
The net spin along y direction induced by By is reduced by the
pinning due to SOPC.
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where η operates on particle-hole space, uB is the Bohr
magneton, gs ¼ 2 is the Land g factor.
To understand how SOPC affects the magnetic response

to an external Zeeman field, it is instructive to project
HBdGðkÞ to a manifestly covariant pseudospin basis
(MCPB) fjk; αi; jk; βig [42–45] for the conduction
band with energy ξþðkÞ, where superconducting
pairing is formed. The transformation properties of the
MCPB basis can be found in the Supplemental
Material [32]. By projecting HBdGðkÞ into the sub-
space ðψ†

k;α;ψ
†
k;β;ψ−k;β;−ψ−k;αÞ, the effective pairing

Hamiltonian has the form:

HeffðkÞ ¼ ξkη3 þ
1

2
gsuBB · σ̃ðkÞ þ Δη1; ð3Þ

where σ̃l;l
0

i ðkÞ ¼ hk; ljσijk; l0i ¼
P

j aijðkÞρl;l
0

j (ρj: Pauli
matrix in the pseudospin basis) is the projected spin
operator in the pseudospin subspace, and the effect of
SOPC on electron spins are encoded in the coefficients
aijðkÞ [see Supplemental Material [32] for explicit forms of
aijðkÞ]. It is clear from Eq. (3) that the Zeeman effect due to
external magnetic fields is renormalized by the SOPC term.
To demonstrate the renormalization and the spin-pinning

effect encoded in aijðkÞ, we assume a weak Zeeman field
B ¼ Byŷ in Heff and plot the Zeeman field induced spin
expectation value in the y direction hσyi for states near the
Q point with and without SOPC in Fig. 2(b). Evidently,
without SOPC, spins along the Fermi surface contours can
freely align with By. In contrast, in the presence of SOPC,
spins at different k are pinned predominantly to the x
direction as the Aykysxσx term dominates [32]. It is
important to note that, in Fig. 2(b), the spin pinning is
much stronger for states with smaller ky near the band
crossing point due to the stronger mixing between p and d
orbitals in these states. This clearly demonstrates the SOPC
effect is not determined by the spin-orbit coupling part
Aykyσx alone, but also largely governed by the parity
mixing operator sx. In the next section, we show the
important effects of SOPC on Bc2.
Enhancement, anisotropy, and gate dependence of

in-plane Bc2.—Phenomenologically, the normal-state and
superconducting free energy densities due to an external
in-plane field B (B ¼ jBj) and pairing can be written as
fnðBÞ ¼ − 1

2
χnB2, and fsðBÞ ¼ fcond þ fspin respectively.

Here, χn and χs are the normal-state and superconducting
spin susceptibilities, respectively, fcond ¼ − 1

2
NðEFÞΔ2

0,
with Δ0 ¼ ΔðB ¼ 0Þ, is the zero-field condensation energy
with NðEFÞ being the density of states at Fermi energy, and
fspin ¼ − 1

2
χsB2 is the spin magnetic energy in the super-

conducting state. Bc2 can be estimated by identifying the
point fnðBÞ ¼ fsðBÞ, yielding Bc2 ≈ Bp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
χ0=ðχn − χsÞ

p
,

where Bp ¼ Δ0=ð
ffiffiffi
2

p
μBÞ, and χ0 ¼ 2NðEFÞu2B is the

Pauli spin susceptibility of free electron gas. Clearly, Bc2
can be enhanced to be higher than Bp via (i) a reduced

χn < χ0 and (ii) a residue χs ≠ 0. As shown in the MCPB
basis, Heff has the form of a spin-singlet superconductor,
and we expect that the superconducting ground state cannot
respond to a weak external Zeeman fields, which implies
that χs ¼ 0 in the T → 0 limit.
To demonstrate the vanishing χs in WTe2, we calculate

the superconducting spin susceptibility χiis (i ¼ x, y) given
by [46,47]:

χiis ¼ −
1

2
u2BkBT

X

k;n

Tr½σ̃iGðk; iωnÞσ̃iGðk; iωnÞ�

¼ 1

2
u2Bβ

X

k

γiðkÞ
1

1þ coshðβ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2k þ Δ2

q
Þ
; ð4Þ

where Gðk; iωnÞ ¼ ðiωn − ξkη3 − Δη1Þ−1 is the Gor’kov
Green’s function obtained from HeffðkÞ in Eq. (3) under
zero magnetic field. T is the temperature, β ¼ 1=kBT,
ωn ¼ ð2nþ 1Þπ=kBT denotes the fermionic Matsubara
frequency. γiðkÞ ¼ 2

P
j a

2
ijðkÞ characterizes the renormali-

zation effect on spins due to SOPC. Clearly, the denom-
inator in the summand in Eq. (4) diverges as T → 0 due
to a finite superconducting gap Δ, thus χiis ðT → 0Þ ¼ 0
[Fig. 3(a)].
The vanishing χiis leaves us with the mechanism of

enhanced Bc2 via reduced χn. Note that χn is directly given
by χsðΔ ¼ 0Þ in Eq. (5), i.e.,
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FIG. 3. Enhancement of Bc2 via SOPC for 1T0-WTe2. (a) Spin
susceptibility χiin (i ¼ x, y) as a function of temperature T, where
the SOPC strength is Ay ¼ 0.855 eVÅ, Fermi energy
EF ¼ 100 meV. We set Tc ¼ 1 K according to experimental
observations. (b) Value of γy at different k. γyðkÞ approaches zero
near the band minimum at �Q. (c) Bc2 − Tc curves for B ¼ Bxx̂
(blue) and B ¼ Byŷ (red). Other parameters are the same as in (a).
(d) Bc2 − Tc curves for B ¼ Byŷ with different carrier density n
in units of 1012 cm−2 and Ay ¼ 1.71 eVÅ. The case without
SOPC (light green curve) is presented for reference.
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χiin ¼ 1

2
u2Bβ

X

k

γiðkÞ
1þ coshðβξkÞ

¼ u2BNðEFÞγiðEFÞ; ð5Þ

where γiðEFÞ ¼
R
d2kγiðkÞδðξk − EFÞ=

R
d2kδðξk − EFÞ is

the averaged renormalization factor due to SOPC over the
Fermi surface (see the Supplemental Material [32]).
As shown in Eq. (5), the normal-state spin susceptibility

is given by χiin ¼ γiðEFÞχ0=2, with a renormalization
factor γiðEFÞ=2 due to SOPC. In the low temperature
limit, the in-plane critical field along the i direction
(i ¼ x, y) is directly related to the Pauli limit by
Bii
c2 ¼ Bp

ffiffiffiffiffiffiffiffiffiffiffiffi
χ0=χiin

p
¼ Bp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=γiðEFÞ

p
, which implies that

Bc2 > Bp when γiðEFÞ < 2.
To show the reduced χyyn , we plot γyðkÞ in the conduction

band [Fig. 3(b)]. Evidently, γyðkÞ < 2 holds throughout the
whole Brillouin zone. As a result, γyðEFÞ < 2 in general,
leading to χyyn < χ0 as consistent with the result in
Fig. 3(a, red curve) where χyys ¼ χyyn < χ0 for T > Tc.
In contrast, we noticed that χxxs ¼ χxxn ≈ χ0 for T > Tc

[blue curve in Fig. 3(a)]. This is because B ¼ Bxx̂ is
collinear with the dominant SOPC term Aykysxσx and thus
can freely align spins to the x direction. As a result,
Byy
c2 > Bp while Bxx

c2 ≈ Bp as shown in the Bc2 − Tc curves
in Fig. 3(c) obtained by solving the linearized gap equation:

2

U=V
¼ kBT

X

k;n

Tr½Gð0Þðk; iωnÞρyGð0ÞTð−k;−iωnÞρy�: ð6Þ

Here, U is electron-phonon interaction strength, V is the
sample volume, Gð0Þðk; iωnÞ is the normal state Green’s
function of HeffðkÞ given in Eq. (3) (see the Supplemental
Material [32] for details). Thus, our results suggest the Bc2
of an SOPC superconductor can exhibit a strong anisotropy
due to the anisotropic SOPC. This provides a distinctive
signature of the possible SOPC origin behind the enhanced
Bc2 which is different from the isotropic Bc2 and χs in both
Ising superconductors and conventional superconductors as
summarized in Table I.
Interestingly, γyðkÞ has a strong k dependence [Fig. 3(b)]

with the renormalization being strongest [signified by a
strongly reduced value of γyðkÞ] near the band crossing
points at �Q. As EF increases upon gating, outer Fermi
circles enclosing �Q are accessed and γyðkÞ approaches
γ0 ¼ 2 for free electron gas. This again reflects the parity-
mixing nature of SOPC: the spin pinning effect due to
SOPC terms is strongest near the band crossing points at
�Q where the p and d orbitals are strongly mixed. As k
deviates from �Q, the parity mixing becomes weaker and
the spin pinning effect is suppressed. Such strong depend-
ence of γyðkÞ on Fermi level implies a strong gate
dependence in Byy

c2. This is explicitly demonstrated by
solving the linearized gap equation at different values of
carrier density n [Fig. 3(d)]. Consistently, as n increases,
the enhancement of Bc2 is reduced.

Notably, for superconductors with SOPC, the low
temperature sectors of the Bc2 − Tc curves obtained by
linearized gap equations (dashed segments in the range
0 < T < T1 ≈ 0.5Tc) do not represent the true values of
Bc2 but the supercooling critical field instead [24]. As we
discuss next, the superconductor-metal transition at Bc2 in
this regime is in fact first order in nature.
First-order phase transition at Bc2 in low temperature

regime.—To understand the nature of the phase transition at
Bc2 in the low temperature regime, we study how the free
energy of a superconducting monolayer WTe2 evolves
under B. Based on the full HBdGðkÞ in Eq. (2), the free
energy of the SOPC superconductor as a function of Δ can
be obtained as [32,48]:

fs ¼
VjΔj2
U

−
1

β

X

k;n

lnð1þ e−βϵk;nÞ; ð7Þ

where ϵk;n are the quasiparticle energies of HBdGðkÞ. With
fixed SOPC strength Ay ¼ 1.71 eVÅ and carrier density
n ¼ 10 × 1012 cm−2, the evolution of fs − fn at T ¼ 0.1Tc
under increasing B is shown in Fig. 4(a) [note that
fn ≡ fsðΔ ¼ 0Þ]. Clearly, for 0 < B < Bc2, a local mini-
mum in the free energy landscape develops at Δ ¼ 0
(purple curve) and eventually becomes the global minimum
at B ¼ Bc2 (red curve), where the superconductor-metal
transition occurs. Notably, Δ drops abruptly to zero at Bc,
which signifies a first-order phase transition.
The full self-consistent B − T phase diagram from

minimizing fs − fn is shown in Fig. 4(b) with the phase
boundary at Bc2 accurately captured for all T < Tc. In
accord with Fig. 4(a), the order parameter drops abruptly to
zero at Bc2 in the low temperature regime. We note that the
mechanism of first-order transition in the low temperature
limit for superconductors with SOPC is similar to a
conventional superconductor, but the phase transition
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1.764kBTc at B; T ¼ 0. (b) B − T phase diagram from minimiz-
ing fs − fn with Ay ¼ 1.71 eVÅ and n ¼ 10 × 1012 cm−2. The
color represents the magnitude of Δ at different B and T. The line
of circles represent the values of Bc2 in a conventional super-
conductor, where Bc2ðT ¼ 0Þ ¼ Bp. A first-order transition also
occurs in the low temperature regime [24] (indicated by white
circles).
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happens much higher than Bp in SOPC superconductors as
illustrated in Fig. 4(b). In particular, this distinctive first-
order transition in the SOPC superconductor WTe2 is very
different from the continuous phase transition found in
noncentrosymmetric Ising superconductors such as NbSe2
due to a significant χs induced by Ising spin-orbit couplings
[18,49,50].
Conclusion and discussions.—In this Letter, we

identified a new class of centrosymmetric spin-orbit-
parity-coupled superconductors where SOPC leads to
enhancement of in-plane Bc2 higher than Bp. In particular,
we explained how the strong parity-mixing due to SOPC
near the topologically nontrivial gap edge gives rise to a
strongly enhanced Bc2 in the superconducting topological
monolayer WTe2 with low electron carrier density. We
further pointed out that the Bc2 of SOPC superconductors
can exhibit an anisotropy in in-plane field directions (but
the anisotropy has not yet been observed experimentally).
These properties are distinguished from both conventional
superconductors and Ising superconductors as summarized
in Table I.
While we considered an SOPC superconductor in the

clean limit, we briefly discuss here the effect of disorder. By
including potential fluctuation scattering and spin-orbit
scattering effects in the Green function and the vertex
correction to χs, we show that the Bc2 is not sensitive to
potential fluctuation scattering but a finite χs is induced by
spin-orbit scattering, which further enhances the Bc2 [32].
This explains why a higher Bc2 ≈ 4Bp was observed in the
more disordered sample [6].
In the main text, we assumed intraorbital pairing in

Eq. (2) belonging to the Ag representation of the C2h point
group. Here, we discuss the effect of an interorbital singlet
pairing: Δ̂1 ¼ Δ1η1sx, which belongs to the Bu represen-
tation of C2h. First, we show that the Bu phase can be
favored only when the band mixing due to SOPC is strong
because significant contributions from both parity-odd and
parity-even orbitals at the Fermi energy are needed for
the pairing to be effective [32]. Interestingly, such an
odd-parity pairing leads to a DIII class topological
superconductor when the Fermi surface encloses odd
number of time-reversal-invariant-momentum (TRIM)
points [27]. In fact, projecting Δ̂1 to the MCPB basis
explicitly reveals that the combination of Δ̂1 and SOPC
results in an effective px � ipy pairing [32].
Unfortunately, superconductivity in monolayer WTe2

sets in when the Fermi surface consists of two disconnected
Q pockets away from the TRIM points (Fig. 2). Thus, the
system remains topologically trivial. Only by artificially
tuning the chemical potential to enclose the Γ point, helical
Majorana modes can emerge on the edge [32]. Moreover,
the effective p-wave pairing can result in large χyys and
divergent Byy

c2, which were not observed experimentally
[6,7]. Thus, we believe that the Bu phase is less likely to be
manifested experimentally in WTe2.
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Note added.—After presenting the main findings of this
work [51], we noticed that the enhancement of Bc2 was
observed in nontopological centrosymmetric materials
without band inversion such as in few-layer stanene and
ultrathin PdTe2 [52–54]. The enhanced Bc2 in these
materials originates mainly from k-independent atomic
spin-orbital coupling, which is very different from the
SOPC effect studied in this work.
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