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Time-reversal breaking topological superconductors are new states of matter which can support
Majorana zero modes at the edge. In this paper, we propose a new realization of one-dimensional
topological superconductivity and Majorana zero modes. The proposed system consists of a mono-
layer of transition metal dichalcogenides MX, (M=Mo, W; X=S, Se) on top of a superconducting
substrate. Based on first-principles calculations, we show that a zigzag edge of the monolayer MX»
terminated by metal atom M has edge states with strong spin-orbit coupling and spontaneous mag-
netization. By proximity coupling with a superconducting substrate, topological superconductivity
can be induced at such an edge. We propose NbSs as a natural choice of substrate, and estimate the
proximity induced superconducting gap based on first-principles calculation and low energy effective
model. As an experimental consequence of our theory, we predict that Majorana zero modes can be
detected at the 120° corner of a MX5 flake in proximity with a superconducting substrate.

PACS numbers: 74.45.4+c, 75.70.Tj, 73.20.-r

Introduction.-In recent years, topological insula-
tors (TT) and topological superconductors (T'SC) have
been discovered in different dimensions and symmetry
classes[1-3]. In particular, time-reversal breaking TSC
are proposed in one or two dimensions (1D or 2D)[4, 5].
One important motivation to study TSC is that they can
realize Majorana zero modes at the edge (for 1D) or vor-
tex core (for 2D). A Majorana zero mode is half of an
ordinary fermion zero mode, which carries nonlocal de-
grees of freedom and makes the TSC system a candidate
for topological quantum computation[6]. Recently, many
theoretical proposals have been made for the realization
of Majorana zero modes [7-17]. (For a recent review,
see Ref.[18].) In particular, it has been proposed that a
nanowire in proximity to an s-wave superconductor, with
spin-orbit coupling (SOC) and magnetic field, can realize
the 1D TSC phase [9, 10]. Recently, significant experi-
mental progress has been made towards the realization of
this proposal [19-24], although the interpretation of the
experimental results has not been completely settled.

In this paper, we propose to realize topological super-
conductivity and Majorana zero modes in a new family
of materials, the monolayer transition metal dichalco-
genides MXy (M=Mo, W; X=S, Se) in proximity with
a conventional superconductor. Based on ab initio cal-
culations, we predict that a particular edge of this ma-
terial (as will be explained below) has 1D edge states
with strong Rashba SOC and spontaneous magnetiza-
tion. At a suitable Fermi level, the interplay of SOC and
magnetization creates a 1D system with a single pair of
Fermi points, so that the proximity effect with an s-wave
superconductor will induce a TSC. Compared to previ-
ous nanowire proposals, our proposal has several advan-
tages. Firstly, this proposal is simpler to realize since

it does not require creating a nanowire. The 1D state
is given automatically at the edge of single layer MXs.
Secondly, due to the spontaneous magnetization of the
edge state, no external magnetic field is needed. Thirdly,
superconductors NbS; and NbSey (with p63/mmc sym-
metry) have the same structure as the MXs semiconduc-
tors and similar lattice constants, which indicates that
a relatively strong proximity coupling could be induced
between them. We investigate different materials in this
family and find that the optimal combination is MoSs
monolayer on the substrate of NbSy superconductor. To
verify our proposal experimentally, we propose that a sin-
gle Majorana zero mode can be found at a 120° corner
of a MoS, ribbon.

First-principles calculation on MXs nanoribbons.—The
existence of 1D metallic edge states on the S-terminated
zigzag edge MoSs has been well confirmed by experiments
and density functional theory (DFT) calculations [25-
29]. Encouraged by the successful experimental obser-
vation, an explosion of theoretical studies on MoSy has
occurred, leading to discoveries of interesting electronic
and magnetic properties on several edge structures. Re-
cently, Pan et al find that the ferromagnetic states of the
MoSs zigzag nanoribbons can be enhanced by hydrogen
saturation [28], as well as in-plane electric field [29]. On
the other hand, due to the absence of inversion symme-
try, Rashba type SOC naturally exists in the edge states.
The interplay of magnetization and Rashba SOC lifts the
spin degeneracy and can lead to a single pair of Fermi
points. Therefore, the zigzag nanoribbons of monolayer
MXs, may become ideal candidates of 1D TSC when it
is in proximity with an s-wave superconductor. In the
following we will investigate several different edge condi-
tions by ab initio calculation to search for the ideal edge
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FIG. 1. (Color online) (a), (b) and (c): zigzag MX2 nanorib-
bons with three different boundary conditions zz-MX, zz-M
and zz-X, respectively. (d) and (e) Top and side view of a
monolayer zz-MX ribbon with saturated hydrogen configura-
tion. (f) The heterostructure of a MXs nanoribbon on NbS,
substrate.

states for our purpose.

Our first-principles calculations are carried out by the
Vienna Ab-initio Simulation Package (VASP) [30, 31]
within the framework density functional theory [32].
We use the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof type [33] for the exchange-
correlation potential. The kinetic energy cutoff is fixed
to 450 eV. 2x16x 1 k-mesh is used for monolayer nanorib-
bon calculations. The lattice constants and atomic po-
sitions are fully optimized, in which the maximal force
at an ion is smaller than 0.01 eV/A. Based on previous
studies [28], we consider three types of nanoribbons as is
shown in Fig. 1(a-c). The first one (Fig. 1 (a)) labeled
by zz-MX has two edges terminated by M and X atoms
respectively (According to our calculations shown in sup-
plementary material, this configuration has the lowest
energy at poor-sulfur case [34]). The second one (Fig. 1
(b)) labeled by zz-M is terminated by M atoms for both
edges. The third one (Fig 1. (c)) labeled by zz-X is ter-
minated by X atoms for both edges. In order to simulate
the more realistic and stable boundaries [35], hydrogen
saturation are considered by adding two hydrogen atoms
to the M atoms and one hydrogen atom to the X atoms
at the edges, as is shown in Fig. 1(d) and Fig. 1(e).

We start by studying the band structure of free-
standing nanoribbons. First, we carry out spin-polarized
calculations without including SOC, to check the elec-
tronic and magnetic properties of all three types of
zigzag nanoribbons. In this case, all the transition metal
dichalcogenides are very similar. Here we show band
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FIG. 2. (Color online) Spin polarized band structures without
SOC for zz-MoS (a), zz-Mo (b) and zz-S (c). Red circles and
Blue diamonds denote the projections to the up and down
spin d-orbitals of the Mo atoms on right edges shown in Fig.
1. The projections to Mo on left edges are indicated as green
squares and brown triangles, respectively. The Fermi level is
defined at 0 eV

structures of MoS, in Fig. 2 as a representative. For
all three types of nanoribbons one can see that edge
states are metallic and spin-polarized, which are clearly
distinct from the non-magnetic insulating bulk states of
the monolayer MoS,. There is only one band per spin di-
rection crossing the Fermi level for each edge of zz-MoS,
which is dominated by Mo-d orbitals. The band from
left and right edge has a spin polarization of 0.61 pp and
0.27 pup per Mo atom, respectively. Similarly, the metal-
lic bands of zz-Mo ribbon are also mainly contributed by
Mo-d orbitals. However, due to many bands presenting
around the Fermi level (E[), it’s too complicated to get a
single pair of Fermi points with opposite spin moments.
For zz-S case, there is not only Mo d orbital bands but
also a spin degenerate p orbital band of S crossing the
E¢. Due to the insulating block between two edges, the
two edge states can be considered as decoupled. There-
fore the band structures in Fig. 2 suggests that both
edges of zz-MoS ribbon or the right edge of zz-S ribbon
are good candidates of simple 1D channels. However, the
magnetic splitting for zz-S ribbon is always smaller than
0.1 up/M for all four transition metal dichalcogenides
MXs, and will be further reduced when SOC effect are
considered. Therefore, we will focus on the zz-MX ribbon
in the following, which exhibits sufficient magnetization
and a simple edge band structure.

Now we carry fully relativistic calculations, to study
the influence of SOC on the electronic and magnetic prop-
erties. We calculate three different configurations with
moments along x, y (in-plane) and z directions (out-of-
plane) for all four transition metal dichalcogenides, and
find that the two in-plane cases have the same energy
gains, magnetic moments and the electronic structures,
while there is strong anisotropy between the in-plane and
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FIG. 3. (Color online) Electronic structures with Rashba SOC
effect of zz-MoS nanoribbon (a) and the zz-MoS on NbS; sub-
strate (b). The size of red circles and green squares mean the
projection to Mo located on right and left edges respectively.
The red and black dash mean the suitable Fermi level (Esf)
for S-terminated and Mo-terminated edge respectively. £K?% ;
and +K¥ fo are defined on each Ey for comparing their spin

moments. The inset of (b) is the zoom-in of the blue box,
in which the the red dashes are the schematic curves of the
hybridization splitting between MoS2 and NbS> bands.

out-plane directions. For MoSs, the in-plane polariza-
tion is 0.4 meV lower in energy than the out-of-plane
configuration. In contrast, for WSq the in-plane energy
is 7.6 meV higher than that of out-of-plane. For the
diselenides MoSe; and WSes, the system always prefer
an out-of-plane magnetization, and the calculation never
converges to an in-plane configurations. Such difference
between sulfides and selenides can be understood as a
consequence of the competition between ferromagnetism

and SOC.

As will be analyzed more carefully in the later part
of the article, the free-standing monolayer of MXs has
a reflection symmetry according to the xy plane, which
preserves the M layer and exchanges the two X layers.
To preserve this symmetry, the Rashba spin splitting has
to occur along z direction, where z spin components of
two states at momenta k and —k along the edge should
be opposite. In contrast to the out-of-plane magnetiza-
tion that does not open a gap, the in-plane magnetiza-
tion breaks the reflection symmetry and thus leads to
a gap opening at I" point. For the search of topologi-
cal superconductivity, it is necessary to gap the bands
near I' point, in order for a single pair of Fermi points
to occur. Therefore MoSs is the best candidate material,
which has in-plane magnetization as the lowest energy
configuration. In principle it is possible to have WSq
and apply an in-plane magnetic field to rotate the mag-
netization to in-plane directions, but this only applies if
the superconductor that is in proximity with the nanorib-

TABLE I. Calculated spin moments at :N:K%fo and :N:K%f for
MoS2 and MoSs on NbSs substrate.

zz-MoSo zz-MoSs on NbSo

Mo edge S edge Mo edge S edge

M(pp /Mo) 0.29 0.61 0.32 0.71

'K%Ifo +K%fo _K%f +K’S*“f 'K%Ifo +K%fo _K%f +K’S*“f
S) 0.828 0.828 | 0.742 0.742 | 0.829 0.829 | 0.743 0.743
S.) 0.772 0.772 | 0.740 0.740 | 0.799 0.799 | 0.740 0.740
S,) 0.000 0.000 | 0.000 0.000 | 0.000 0.000 | 0.000 0.000
S.) -0.286 0.286 |-0.003 0.003 |-0.218 0.218 |-0.003 0.002

bon has a large enough pairing gap. The band structure
of MoS, with SOC is shown in Fig. 3(a), from which
one can see that both Mo-terminated and S-terminated
edges can have a single pair of Fermi points in a win-
dow of Fermi level position. For Mo-terminated edge,
the window is about 75 meV, and for S-terminated edge
it is much larger. (To pin the Fermi level in this win-
dow, a top gate generically need to be applied. The gate
control of Fermi level should not be too difficult since
the edge state is one-dimensional. ) We calculate the
spin components for typical Fermi level positions :l:Kf‘E/[f o
and :I:K%f (marked in Fig. 3(a)) and list them in Table
I. For the S-terminated edge, less than 1% spin compo-
nents remain antiparallel as a result of strong magnetic
splitting and weak SOC of the S-p orbitals, which makes
it hard to induce superconductivity by proximity effect
at this edge. In contrast, for the Mo-terminated edge, be-
sides the parallel moments along x-direction yielded by
ferromagnetic requirement, about 35% spin components
along z-direction are arranged antiparallel as a results of
Rashba effect. These sizable opposite spin components
would make the proximity effect with an s-wave super-
conductor much easier than the S-terminated edge. In
the following, we will study the proximity effect of this
Mo-terminated edge with superconductors.

To induce the TSC phase, the MoSs nanoribbon needs
to be coupled with an s-wave superconductor. A natural
choice is NbSs (with T, = 6.5 K), which has the same
structure as MoSs. The in-plane lattice of NbSs is 3.364
A [36], a little lager than that of MoS, 3.188 A [37]. Due
to the weak van der Waals (vdW) interactions between
neighboring layers, it should be possible to fabricate this
device experimentally even with 5% lattice mismatch-
ing. To eliminate the artificial electric field along z di-
rection, we study a centrosymmetric heterostructure of
MoSz nanoribbon and NbSj, as is shown in Fig. 1 (f).
Periodic boundary condition is taken for the NbSs layers
in the z,y directions. PBE-D2 method [38, 39] are used
to optimize the inter-layer distance and internal param-
eters of the heterostructure and calculated its electronic
structures, in order to describe the vdW interaction more
accurate. Comparing to the free-standing MoSs ribbon,
the energy of the in-plane polarization is enhanced to



1.0 meV lower than the out-of-plane configuration for
such heterostructure. The calculated band structures
are shown in Fig. 3(b). Compared to that of the free-
standing MoSs ribbon in Fig. 3 (a), the edge state band
structure changes very little. This result confirms that
the coupling with metallic NbSy does not change the edge
state bandstructure qualitatively, due to the weak vdW
interactions. The main difference of Fig. 3 (b) and Fig.
3 (a) is that a series of bands of NbSy appear from -0.5 ~
0.7eV, which cross the MoSs’s edge states at Fermi level
with very small hybridization shown in the inset of Fig.
3 (b). This hybridization, although small, is essential for
inducing superconducting proximity effect.

Effective model description.-To understand the super-
conducting proximity effect more quantitatively, we in-
troduce an effective model to describe the Mo-terminated
zigzag edge coupled with the superconductor substrate.
We start by a symmetry analysis of the nanoribbon.
MoSs has a layered crystal structure with space group
p63/mme. The zigzag edge along y-direction breaks the
symmetry to Ca,, which consists of a two-fold rotation Cy
around z-axis and a mirror operation o4 : 2 — —z where
z is normal to the film. In the nonmagnetic state, the
edge state Hamiltonian Hy(k) is symmetric under Co, o4
and time reversal 7. In these symmetry operations the
momentum and spin transform as follows:

Co: k= =k, 0y =0y, 0y = —0y, 0, — —0,

oq: k—=k, 0y = -0y oy —=—0y, 0,0,

T:k— —k, 0y = —0g, 0y — —0y, 0.— —0:,(1)

These constraints together requires Hy to have the form
of Hyo(k) = €o(k) + €.(k)o.. Adding the exchange split-
ting term due to the magnetic moment along z-axis, we
obtain the following effective Hamiltonian up to fourth
order of the momentum:

HlD(k) = 6O(k) + (Blk + B2k3)gz + ymoy, (2)

where ¢o(k) = a1k? + azk®. By fitting the energy band
dispersion with the result of ab initio calculation, we ob-
tain the parameters a3 = —88.25 eV-A2, ay = 1.61 x
10* eV-A*, B = 3.205 eV-A, By = —7.232 x 10% eV-A3,
v=0.43 eV/up and m = 0.29u5.

Now we consider the proximity effect between this 1D
edge state and a 2D s-wave superconductor (SC). The ef-
fective Hamiltonian of the coupled system can be written
as

H = Hsc + Hip + Hu, (3)

with Hse = 35y (€ — wWel o+ Zk(AcLTcT_ki +H.c.)
the Hamiltonian of an s-wave superconductor, Hip =
Zkﬁ o f,IU (77 — pdoo ) fror that of the edge state, and

He =D G(tkfgackg—i—H.c.) the coupling term. Note that
the spin quantization axis is along the z direction and k is

NbS,

FIG. 4. (Color online) Schematic picture of the proposed
device with a MoS, flake on the NbSy substrate. The Mo-
terminated edges are TSC and the S-terminated edges are
trivial, so that each 120° corner traps a Majorana zero mode
(blue disk).

the zigzag edge projection of k = (k,, k). This model pro-
vides a minimal model for the SC proximity effect. For
simplicity we only consider the spin-conserving hopping
with constant amplitude tx = ¢t. From the first-principles
calculations shown in Fig. 3 (b), one can estimate the
hopping amplitude from the avoid crossing between edge
state and NbSy bulk states as t &~ 30.5 meV.

For our purpose we are interested in the case when the
edge state Fermi level only crosses the lower band, as is
shown in Fig. 3. The pairing at the Fermi surface is
given by (£7,&, ) with & = ay fiy + bifry the annihila-
tion operator in the lower band. ay /b = [(B1k + B2k3) —
\/(ﬁlk + 52]93)2 + 'y2m2]/7m. Both Ckp and Ck| could
hop to e_ band, with the hopping amplitude tx + = at
and tx | = bt, respectively. The estimated value of ¢ is
much larger than A in the SC, in which case the proxim-
ity induced gap can be estimated by [16]

AL = (meBi/ It ). - (4)

Here n = <tk7¢t_k7¢ — tk7¢t_k7¢>A/2Ek, . =
VA2 + (¢ — 1')?, (...)k, is averaging over k,, and ky,
is taken to be the momentum at the Fermi surface. With
NbSs SC gap 6.5 K, we estimate AP ~ 2.03 K which is
observable experimentally.

Ezperimental proposal.To verify our proposal, we
would like to propose an experimental consequence that
is simple to measure. We consider a MoS, flake on top of
the superconducting substrate, as is shown in Fig. 4. In
practice, one can cut the naturally existing zz-S triangle
flake [25] in the hydrogen-rich environment(see more de-
tails in Part IIT of supplementary material [34]), and get
the hydrogen saturated zz-MoS edges and the 120° corner
as shown in Fig.4, where the Mo-terminated zigzag edge
is adjacent to the S-terminated zigzag edge at 120° cor-
ner. Since we have discussed that the S-terminated edge
is almost fully spin-polarized and cannot be coupled to
the s-wave superconductor, we conclude that every cor-



ner of the MXs monolayer with an angle of 120° is a
boundary between TSC and trivial s-wave superconduc-
tors, if the Mo-terminated edge is brought to the topo-
logical superconducting phase. Therefore one expects to
see a Majorana zero mode at each such corner, which
can be easily verified by scanning tunneling microscope
(STM) or transport measurements. For finite pairing, the
width of edge Majorana zero mode can be estimated by
vp/ 2A,1€D , where vp is the Fermi velocity around Fermi
level, with vp = 1.326 eV-A, the edge width is about
400 nm. The Majorana nature of the zero mode can be
further verified by comparing 120° corner with 60° cor-
ner. The latter is a border between two topologically
equivalent superconductors, which does not have a Ma-
jorana zero mode. We note that, though the topological
superconductivity induced by proximity effect is shown
to be robust against disorder in the superconductor sys-
tem [40, 41], it is essential to require the impurity scat-
tering between the edge states to be weak compared with
superconducting pairing energy. Therefore a smooth cut
along the zigzag edge is essential for the realization of
TSC phase and Majorana zero modes.
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