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The Janus monolayer transition metal dichalcogenides (TMDs) MXY (M = Mo, W, etc. and X,Y =S, Se, etc.) have
been successfully synthesized in recent years. The Rashba spin splitting in these compounds arises due to the breaking
of out-of-plane mirror symmetry. Here we study the pairing symmetry of superconducting Janus monolayer TMDs within
the weak-coupling framework near critical temperature Tc, of which the Fermi surface (FS) sheets centered around both
I' and K (K’) points. We find that the strong Rashba splitting produces two kinds of topological superconducting states
which differ from that in its parent compounds. More specifically, at relatively high chemical potentials, we obtain a time-
reversal invariant s+ f + p-wave mixed superconducting state, which is fully gapped and topologically nontrivial, i.e., a Z,
topological state. On the other hand, a time-reversal symmetry breaking d + p + f-wave superconducting state appears at
lower chemical potentials. This state possess a large Chern number |C| = 6 at appropriate pairing strength, demonstrating
its nontrivial band topology. Our results suggest the Janus monolayer TMDs to be a promising candidate for the intrinsic

helical and chiral topological superconductors.

Keywords: topological, superconductivity, Janus, transition metal dichalcogenides (TMDs)

PACS: 03.65.Vf, 74.20.Rp, 74.25.Dw, 82.45.Mp

1. Introduction

Topological superconductors (TSCs), which are charac-
terized by a full-gap bulk and robust gapless surface (edge)
states, have gained much attention for their novel topo-
logical properties in recent years.!'-"! Several superconduc-
tors are considered to be unconventional and even topologi-

[10-13] and heavy fermion

cally nontrivial, including SroRuO4
compounds.!4-16] There are also theoretical proposals for arti-
ficially realizing the topological superconducting states by us-
ing the s-wave superconductor together with spin—orbit cou-
pling (SOC). For instance, through the proximity effect an
s-wave superconductor on a strong topological insulator be-
comes a spinless p -+ ip-wave superconductor!!l or by ap-
plying a strong perpendicular magnetic field to an s-wave
Rashba superconductor, topological superconducting states

I7.181 However, there has been no definitive experi-

emerge.|
mental evidence for the existence of TSCs so far, and it is still
a grand challenge to provide valuable traces of them.
Transition metal dichalcogenides (TMDs) are a class of
noncentrosymmetric layered van der Waals materials, which
have been studied for decades as they usually exhibit super-
conductivity, charge-density wave state and other electronic
phenomena.['°->#1 Superconductivity in the bulk TMDs is usu-

ally conventional. However, in the ultra-thin films, a strong
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enhancement of the in-plane critical field indicates possible
unconventional superconductivity caused by the large Ising
SOC.1-301 Several kinds of parity-mixed pairings, for in-
stance, the s+ f-wave and d + p-wave pairings, have been
suggested as candidates for unconventional superconducting
states in the monolayer TMDs. 131331

Here we study the pairing symmetry of the newly syn-
thesized Janus TMDs MXY .33 Tn a Janus TMD molecular
layer, M atomic plane is sandwiched by two different atomic
planes X and Y. The stacking structure breaks the out-of-plane
mirror symmetry, leading to a Rashba-type spin splitting of
bands around I" point in the Brillouin zone (BZ). Previous
works on the Janus layered TMDs mainly focused on their
crystal, band structures and optical property,*=*4! while the
nature of possible superconductivity has rarely been discussed.
The parents of Janus TMDs, which have the 2H structure, are
intrinsic Ising superconductors in most thin layer cases. We
focus on the Janus TMDs with FS sheets centered around both
I and K (K') points based on the observation that the Rashba
spin splitting occurs around I''3®! while the Ising-type acts
mainly on the K (K’) valleys.!*! The Cooper pairs are thus
subjected to these two kinds of SOC effects. This type of FS
topology provides an ideal platform for us to investigate the
competition and interplay between these SOC effects on su-
perconductivity. Naturally one could expect that the Rashba—
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Ising superconductivity leads to various kinds of mixed super-
conducting states in the Janus monolayer TMDs. As far as we
know, the superconducting symmetry of H-MoS, monolayer
coexisting with a gating-induced Rashba SOC has been the-
oretically studied by Yuan et al. in Ref. [31]. But since the
FS of MoS; encloses only at K (K') points, we believe the in-
fluence of Rashba SOC on Ising superconductivity is still not
completely revealed.

In this work, we calculate the most favorable pairing
states of the Janus monolayer with both I" and K (K’) cen-
tered FS at different pairing interactions and chemical poten-
tials by solving the linearized gap equation near the critical
temperature 7,. We obtain a rich phase diagram which shows
that at a relatively high chemical potential, a time-reversal in-
variant (TRI) s + f + p-wave pairing in irreducible represen-
tation (IR) A; of point group C3, may dominate the nearest-
neighbor (NN) pairing channels. Unlike the nodal s+ f-wave
pairing in the monolayer H-MX,,1%! the s + f 4 p-wave has
a large additional helical p-wave component induced by the
strong Rashba SOC, making the superconductor to be full-
gap and topologically nontrivial, characterized by the invari-
ant Zp = 1. At a lower chemical potential, a time-reversal
symmetry breaking (TRB) d + p + f-wave pairing belonging
to the two-dimensional IR E appears, which can be a large-
Chern-number chiral superconducting state with Chern num-
ber |C| = 6 at appropriate pairing strengths. We emphasis that
in the absence of Rashba SOC, a TRB d + p-wave pairing ob-
tained from the same type of FS geometry always lead to a
topologically trivial state, i.e., C = 0.

2. Model

The crystal structure of the Janus monolayer TMD is
shown in Fig. 1(a). It can be viewed as a monolayer H-MX,
whose top-layer X atoms are replaced by another Y atoms,
which breaks the out-of-plane mirror symmetry. The normal-
state tight-binding Hamiltonian is constructed as follows:

hox = &+ (ax+Bk) - o, (D

3
& = Y [—2tcoskj—2ticos(kj—kji1)] —p, (2
j=1

3
Q= aR{ %m(sinkz —sinks)

1
—y {sinkl — E(sinkg +sink3)] }, 3)
Br = Bsoz(sink; + sinky + sinks), 4
where k; = k- R;, with bond vectors R = az,
V3 1 V3
By=a( 5o+ 5 y). Re=a( - 52~ Su).

and Ry = R;. a is the lattice constant, u is the chem-
ical potential, and ¢ and #; denote the NN and next NN

hoppings, respectively. «p and (g are effective mag-
netic fields caused by Rashba and Ising SOC with agr
and P, representing corresponding strengths, respectively.
We choose the value of parameters to be (¢,71,0R,Bs0) =
(—0.06,—0.14,0.032,0.067) eV. The choice of oy is referred
to MXY (M =W, Mo and X,Y =S, Se, Te) in Ref. [36],
whose Rashba splitting strength ranges from 77 meV-A to
518 meV-A, corresponding to o value ranging from 0.015 eV

to 0.10 eV in our lattice model by assuming the lattice constant
a=33AH%

I M

K Q

Fig. 1. (a) Crystal structure of a Janus monolayer H-MXY. (b) The con-
structed band structure of it. Fermi levels at 4 =0 eV and —0.18 eV are
denoted by the red and blue dashed lines, respectively, and their correspond-
ing FS in the first Brillouin zone are presented in panel (c).

We set the chemical potential y as an tunable parameter
in our model. When u = 0 eV, this model is in analogy to
the band structure of H-TaS; given by experiments and DFT
calculations.*>#748] On the other hand, a chemical potential
u = —0.18 eV will give an FS topology similar to H-TaSe;,
which has dog-bone-shaped electron Fermi pockets centered
at M.[*9-511 The low-energy spectrum and FS of H-MXY for
the two chemical potentials, © =0 eV and —0.18 eV, are sim-
ulated in Figs. 1(b) and 1(c). In the figure of BZ, the “Q” point
labels the position of van Hove singularity (vHS) correspond-
ing to the first Lifshitz transition. One can infer from the figure
that the first Lifshitz transition occurs around g = —0.15 eV.

Table 1. The classification of basis gap functions based on Cs,
symmetry. They are introduced as: C(k) = (1/v/3) Y2, cosk;,
Colk) = (1/V3XL, 0 coski, S(k) = (1/V3)LL,sink,
S.(k) = (1/V3) L, o sink, C_ (k) = C% (k). S_ (k) = S (k).
with vector @+ = (z +iy)/2 and phase factor ® = exp (—i27/3).

r Singlet Triplet
4 l{/A],U)l:l/\/E dA]’Z:S(k)Z
! AL — (k) dM = i[S_ (k)@ — Sy (k)]

Ay a2 =S§_(k)xy + 84 (k)x_
di* =5, (k)2
d5*=5_(k)z

E.nn __
E {lPlE . - C+(k) d?r")’ — \/Es(k)w+
T =C(k) d5™ = —V2S(k)x-

i =V2s (k)z-
dg'xy = —\/§S+ (k):l:+
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3. Symmetry analysis and method

The point-group symmetry of monolayer H-MXY is Cs,
and its basis gap functions are given in Table 1. Here we
only consider the on-site and NN pairing channels. Depending
on the spin angular momentum of the cooper pair, i.e., spin-
singlet (S = 0) or spin-triplet (S = 1), gap functions take the
matrix form as:

1

-oi0y,

'P-F’aiO', singlet pairing,
A~“"‘<k)={’ v R PR )
triplet pairing,

d

where %F,a indicates the singlet pairing and d{’a is the d
vector for the triplet pairing. I" labels the different IR (do not
be confused with the I" point in the BZ) and o denotes the
basis gap function belonging to it. Index i = 1,2 is used to
distinguish two equivalent gap functions in the same high di-
mensional IR, e.g., E. Thus, the stable pairing in our model
can be written as a linearized combination of these basis gap
functions:

Ak)/A=Y AT (k), (6)
I'a

where A is the gap size value and c[** denotes the rela-
tive amplitude of AT>*(k), with the normalization condition
Yr.o|c®> = 1. From Table 1 we have four classes of k-
dependent basic gap structure: C(k) for the extended s-wave
pairing, S(k) for the f-wave type, C+(k) and Sy (k) denote
the chiral d+id and p F ip-wave types, respectively. Distri-
butions of these gap structures in the momentum space are
shown in Fig. 2. From Figs. 2(a) and 2(b) one can see that
there is a nodal loop around I" point for the extended s-wave
pairing and nodal lines along I"-M directions for the f-wave.
A pure s- or f-wave superconductor then could be a nodal su-
perconductor. On the contrary, the d + id- and p — ip-wave
pairing gaps have finite nodes in the BZ and each node has its
own chirality, as shown in Figs. 2(c) and 2(d). Here we define
the chirality by computing the phase winding of the gap func-
tion along a counterclockwise loop around the node. It can
be easily obtained from the plots that the winding numbers of
these nodal points are (wr,wg(xr)) = (=2,1) for d + id and
(wr,wgkr),wn) = (1,1,—1) for p—ip. Obviously sum over
the winding number of each node in the BZ gives zero. Su-
perconductors of these two pairing forms are fully gapped and
the winding number of superconducting gap on the FS is to-
tally determined by the gap-function nodes enclosed by the FS
sheets, which is also equivalent to the (first) Chern number.[#%]

The intrinsic SOCs in our model destroy the inversion
symmetry and give rise to admixture between singlet and
triplet pairings. Lots of parity-mixed pairing states in the non-
centrosymmetric superconductors have already been discussed
in previous works.>?>-57! Given that the d vector always tend

to be paralleled to the SOC fields, e.g., gx, = g + B¢ in our
model, significant admixtures between y, d* and d° are ex-
pected in a Janus monolayer with both strong in-plane Rashba
() and out-of-plane Ising (Bg) “magnetic fields”.

S(k)

ko

Fig. 2. Distribution of the gap structure (a) C(k) [extended s-wave], (b)
S(k) [f-wave], (c) C4(k) [d + id-wave] and (d) Sy (k) [p — ip-wave] in
the momentum space. The hexagonal BZ is indicated by the gray box. The
bright and dark areas in panels (a), (b) represent positive and negative val-
ues. The length and angle of arrows in panels (c), (d) respectively give the
amplitude and phase of the complex C; (k), S+ (k). Winding numbers of
each gap node are given in the brackets.

We obtain the T; and the most favorable pairing A (k) by
solving the linearized gap equation near 7¢:

AS[SZ (k) = 72: Z ‘/S15‘253S4(k7k/)

k/53 5400

X [G(K',iw,)A(K )G (=K', i0y)]s5s,,  (7)

where G(k',i®,) is the normal-state Matsubara Green’s func-
tion, and V(k, k') the pairing interaction with the spin index
sj =1,]. The form of V(k,k') can be given by the basis gap
functions as follows:

VSIAY233X4 (k7 k/)
— _VOlIIAl,onql*Ahon(iGy)j]sz (iGy)s3j4 _|_

T, Ton e .
—VIZ‘H T (10y)515, (10) ) 535 +
I,
I . I«a .
- Z d; ©-oioyy,[d; 'O'IO'y]:}M, ®)
o,
where v, v; represent the on-site and NN pairing strengths re-
spectively and the positive (negative) values of them denote
attractive (repulsive) interactions.

4. Result and discussion

Our calculation allow us to construct an NN interaction-
chemical potential superconducting phase diagram as shown

110304-3
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in Fig. 3. The conventional on-site s-wave is more stable than
NN one only if when on-site interaction is stronger than the
NN one (v;/vg < 1), illustrated as bright blue regions in phase
diagram. For the NN superconducting states in the rest of
the phase diagram, the TRI s + f 4 p-wave pairing state (dark
blue regions of the phase diagram), which corresponding to
gap functions “PA1" 4+ @417 4 @41, dominates the param-
eter space where i > —0.08 eV. By comparing to the mono-
layer MX,, where A phase is a nodal s+ f-wave pairing state,
we conclude that it is the large Rashba SOC of Janus struc-
ture that induces helical p-wave component d4!* in MXY .
Typical relative amplitudes of the three pairing components
are (cArmn cAv? A1) = (-0.24,0.91,-0.34). The helical
p-wave order parameter is stronger than the extended s-wave
on the I'-centered FS, leading to a full-gap s+ f + p-wave
state with a nontrivial topological invariant Z; = 1. The Z,
number is calculated by using

1 .
Z=5_ }é dk - Vi,log[PfA] + 6], ©)
Apn = (m, k|O|n, k) (10)

moded by 2 where Pf[A] is the Pfaffian of A. @ is the time-
reversal operator and |n,k) is the eigenstate with an energy
E, . of the superconducting Hamiltonian. C in Eq. (9) is the
path enclosing half of the BZ, as shown in Ref. [58]. For topo-
logically trivial (nontrivial) case, Z, = 0 (1). Figure 4(a) dis-
plays the enlarged-energy spectrum of the Z, = 1 topological
phase, whose topologically protected Majorana helical edge
states are highlighted by the red color.

T
-3 -2 -1 0 1
B/ vo

Fig. 3. Superconducting phase diagram of Janus monolayer MXY in the v;—
U plane, with vg = 0.1 eV. The blue and purple denote the A; and E phases,
respectively, and the dashed lines indicate the borders of topological phases.
The critical temperature 7; exponentially increases from bright to dark, cor-
responding to a temperature range from 0 K to about 400 K. Topological
invariant C(i = 1) or Z; of each phase is also illustrated.

In addition, a d + p + f-wave pairing E phase, which
is four-components and denoted by “'I;E’"n + df’z + dlE’xy +
df’fy”, will be stabilized in the lower chemical potential re-
gions (the purple regions in Fig. 3). In principle, two equiv-
alent pairings in two dimensional IR respectively labeled by

i =1 and i = 2 could mix together in any ratios. However, this
admixture could produce nodes in the superconducting gap,
leading to a cost in the free energy of system. Based on the
free-energy minimization, we conclude that the most stable
pairing state below T; should be a chiral state, either i = 1 or
i = 2, rather than any combinations of them.*'"°! This indi-
cates that the system will undergo a spontaneous time-reversal
symmetry breaking when the temperature across the supercon-
ducting transition 7. We choose i = 1 for our following dis-
cussions. Besides the d + id- and p — i p-wave pairings (¥}
and d'*) in the 1| spin pairing channel, we also have df’xy
which is an f-wave pairing emerging in the 1 channel and
df’fy a p — ip-wave pairing in || channel. Apart from count-
ing the winding number of superconducting gap opened on
the FS, one can also calculate the Chern number of this kind

of full-gap nonunitary pairing through the equation

C===Y [ dk*[O Ak (nk)— Ok Ar(n k)], (11)

E, <0 BZ

where n denotes the occupied band of the BAG Hamiltonian
HPG and Ay, (n,k) = —i(n,k|d;|n, k) is the adiabatic con-
nection defined on it.

Our result shows that most of the E-phase regions in the
diagram are topologically trivial, i.e., C = 0, except two is-
lands with a Chern number C = —6 for i = 1 (C = 6 for
i = 2 owing to its opposite chirality), which are enclosed by
the dashed gray lines in Fig. 3. These two islands are lo-
cated nearby on both sides of the VHS (at u/vy = —1.5),
indicating that the normal-state FS topology of Janus mono-
layer is not essential for the band topology of E-phase su-
perconductivity. Typical values of the relative amplitudes of
all basis gap functions in the trivial and nontrivial E phases
are (cE E< B ED) = (0.87,-0.39,-0.12,—0.28) and
(0.8,—0.48,—0.14,—0.33), respectively. It is evident that a
small modification of the ratios between these basis func-
tions leads to a topological phase transition. More specifically,
we attribute this topological nature difference to the Rashba-
induced non-unitary p + f-wave components (df’xy + df’fy).
The six Majorana chiral edge states corresponding to C = —6
phase is shown in Fig. 4(b). Here we remind the reader that
this even-Chern-number topological superconductor does not
support Majorana fermion modes in its topological defeats. 0]
We also note that in the absence of Rashba splitting, the E-
phase TRB d + p-wave pairing always be topologically trivial.
This is due to the domination of d 4 id component over p —ip
component on the FS. Thus the topology of superconductiv-
ity is determined by the d + id pairing, which gives a total
winding number of zero on the three FS sheets of MX, as we

discussed in Section 3.
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50 100

E (meV)
=
O

—50
—m/a

Fig. 4. Energy spectra of the topological (a) TRI s+ f+ p-wave (A},Z; = 1)
state, (b) TRB d + p + f-wave (E,C = —6) state of the Janus monolayer,
with open-boundary conditions along y direction. Gap sizes are enlarged for
sight and the gapless edge states are highlighted by the red.

5. Conclusions

In this paper, the possible forms of pairing in Janus mono-
layer TMDs with FS centered around both I" and K (K’) points
have been investigated. Through analysis on the pairing sym-
metry and calculations based on the linearized gap equations,
we have identified a Z, topological s + f + p-wave supercon-
ducting state at the relatively high chemical potentials, and a
chiral d + p + f-wave state with a large Chern number |C| = 6
when the chemical potential is lower. Unlike its parent MX>
monolayers which are nodal or topologically trivial supercon-
ductors, our results show that Janus monolayer TMDs could
be a promising candidate for the intrinsic helical and chiral
TSCs.

Although we only focus on a specific model, the conclu-
sions can be applied to all the superconducting Janus mono-
layer TMDs with strong-Rashba-splitting FS centered around
I', e.g., the group-V Janus H-MXY (M = Ta, Nb, etc.; X,Y =
S, Se, etc.). There are superconducting conductance experi-
ments observing zero bias conductance peak of the thin flakes
of 2H-TaS, and 2H-TaSe, below 7,921 which indicates
novel superconductivity in the atomic limit. Theoretical re-
sults suggest that these novel pairings could be s+ f-wave and
d + p-wave,31:32461 which both require a larger NN pairing
attraction over on-site one in our framework. Consequently, it
is most likely to realize the s+ f 4 p-wave and d + p + f-wave
topological states in Janus monolayer of group-V TMDs if the
same assumption is taken for this family of materials.
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