
In search of equal-spin triplet superconductivity:  
doping MoS2 into the superconducting state 

(M1 or M2 Internship Proposal, AY 2023-24) 

In conventional Bardeen-Cooper-Schrieffer (BCS) 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. 
In (few-)monolayer superconducting NbSe2, odd-parity ESTPs have been predicted to arise from the 
non-colinearity 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.  

We have recently seen preliminary evidence for these ESTPs in tunnel devices at high magnetic 
fields, in the magnetic field dependence of the superconducting energy gap. More striking spectral 
features ('mirage gaps') have been predicted in NbSe2 and TMDs of the same band structure (e.g. MoS2) 
when the material is doped close to the band edge. In addition to ESTP, recent experimental data on 
TMDs (including doped MoS2), have been interpreted as evidence for other unconventional 
superconducting phases, e.g. the finite-momentum ‘orbital FFLO’ state.  

This project is part of a larger ANR collaboration between the LPS (Charis Quay et al.), C2N 
(Hervé Aubin et al.) and PHELIQS (Julia Meyer et al.) which has the goal of probing ESTPs directly, 
through spin resonance.  

The intern will work on the fabrication and measurement of MoS2 devices with solid state gates. 
A former intern (Jericho Narvasa) began this work last year with the characterisation of the oxide 
barrier. The intern will fabricate contacts with electron-beam lithography and testing TMD contact to 
them, before proceeding to fabricate gates. The intern is welcome to participate in other work on TMDs 
going on in the NS2 group at the Laboratoire de Physique des Solides. 

 
Figure (left) Optical image of a typical 
tunnel junction TMD device made in 
the NS2 group, made by Sara Loucif 
(PhD student) and Charis Quay. The 
crosses are about 10µm across. (right) 
Expected spectral signatures of triplet 
superconductivity. (From reference 
below.) 
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out of plane. The in-plane magnetic field Bx is along the x
direction and induces the Zeeman term −Bxσx. The
prefactor gLμB=2 with the Landé g factor gL and the
Bohr magneton μB has been absorbed in Bx. Since the
magnetic field Bx, which is valley symmetric, tends to tilt
the electron spins in the x direction, the spins are reoriented
[see Fig. 1(a)]. The band splitting in the normal state
is 2
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Finite-energy pairing.—The general pairing-correlation
function can be expressed as [28,29]

Fðk; εÞ ¼ Δ½F0ðk; εÞσ0 þ Fðk; εÞ · σ&iσy; ð3Þ

where F0 and F, respectively, parametrize the singlet and
triplet pairing correlations [46]. Using Eq. (3), the pairing
wave function can be written as

jΨi ¼ F0ðj↑↓i − j↓↑iÞ þ Fxðj↓↓i − j↑↑iÞ
þ iFyðj↓↓iþ j↑↑iÞ þ Fzðj↑↓iþ j↓↑iÞ: ð4Þ

Here, the momentum dependence is omitted, for example,
jk↑;−k↓i is abbreviated as j↑↓i.
We first discuss the low-energy pairing that occurs

around the Fermi energy. In the absence of a magnetic
field Bx, the ISOC field results in opposite energy splittings
in the two valleys so that the amplitude of the pairing state
j↑↓i is different from that of j↓↑i except at the Fermi
momentum. Hence, in addition to the standard singlet pair
amplitude ∝ F0, a pairing state j↑↓iþ j↓↑i is created, i.e.,
Fz is finite [8,28,29,35]. This pair amplitude Fz, which is
due to the ISOC, has the form Fz ∝ sβsoξp [8,39,46] and is
odd in the valley index. In the presence of Bx, the electron
spins are reoriented so that equal-spin pairing states j↑↑ix
and j↓↓ix emerge around the Fermi energy. Here, the
subscript “x” denotes the spin states in the x direction. This
leads to the triplet states j↑↑ix þ j↓↓ix and j↑↑ix − j↓↓ix,
which in the z basis take the form j↑↑iþ j↓↓i and
j↑↓iþ j↓↑i, respectively [46].

The interplay between ISOC and an in-plane magnetic
field leads to a new feature, viz., finite-energy pairing
correlations. A qualitative illustration is provided in
Fig. 1(a) that shows the schematic band structure with
electrons at Fermi momenta pF ¼ '
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dots. Near the Fermi momentum, the electron at jk↑ix
(jk↓ix) can pair with the electron at j − k↓ix (j − k↑ix) as
indicated by the dashed lines in Fig. 1(a). As a conse-
quence, there is a coexistence of the singlet state j↑↓ix −
j↓↑ix and the triplet state j↑↓ix þ j↓↑ix, which in the z
basis is j↓↓i − j↑↑i [46]. Similarly, there are also equal-
spin triplet states j↓↓i and j↑↑i near the Fermi momenta in
the z direction. This can give rise to the equal-spin triplet
states j↓↓i − j↑↑i and j↓↓iþ j↑↑i. We term these finite-
energy pairing states, since the two electrons forming a
Cooper pair have opposite energies with respect to the
Fermi energy and are separated in energy by about
2
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The pairing states and the symmetries of the correspond-
ing pair amplitudes are summarized in Table I. The pair
amplitude Fx is odd in time, since Bx breaks the time-
reversal symmetry. The overall antisymmetry of the Cooper
pair wave function is ensured by the parity under exchang-
ing the arguments of spin, valley, and time [47–50]. The
symmetries of the amplitudes Fx and iFy that are even and
odd, respectively, under exchanging the valley indices, will
become clear later in Eq. (9) from the quasiclassical
Green’s function formalism.
The presence of the finite-energy pairing correlations is

reflected in the density of states (DOS). The quasiparticle
energy spectrum for Δ ≪ βso ≪ μ is shown in Fig. 1(b). In
addition to the main superconducting gap, there are mirage
gaps of size δ appearing at the Fermi momentum. These
mirage gaps can be interpreted as an image of the main
superconducting gap shifted by the effective field and are a
hallmark of the finite-energy pairing correlations. Note that
the DOS is finite in the mirage gaps, since in each gap only
one band in each valley participates in the finite-energy
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FIG. 1. (a) Schematic band structure in the normal state. The electrons near the K and K0 valleys are subject to the ISOC βso, which
pins the electron spins to the out-of-plane direction (dashed arrows), and an in-plane magnetic field Bx. For finite Bx, the spin directions
are reoriented (solid arrows). (b) Quasiparticle energy spectrum of Eq. (1) near the Fermi momentum pF with βso ¼ 7Δ, Bx ¼ 2Δ, and
μ ¼ 150Δ. The mirage gaps δ are shifted images of the main superconducting gap. (c) Density of states Ns for different Bx in the clean
limit. All lines for finite Bx have been offset for better visibility. Here, βso ¼ 7Δ0 and T ¼ 0.1Tc0, where Δ0 and Tc0 are, respectively,
the zero-temperature gap and transition temperature in the absence of a magnetic field.
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