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Semiconductor moiré superlattices provide a highly tunable platform to study the interplay between electron
correlation and band topology. For example, the generalized Kane-Mele-Hubbard model can be simulated
by topological moiré flat bands in twisted transition metal dichalcogenide homobilayers. In this system, we
obtain the filling factor, twist angle, and electric field-dependent quantum phase diagrams with a plethora
of phases, including the quantum spin Hall insulator, the in-plane antiferromagnetic state, the out-of-plane
antiferromagnetic Chern insulator, the spin-polarized Chern insulator, the in-plane ferromagnetic state, and
the 120◦ antiferromagnetic state. We predict that a gate-defined junction formed between the quantum spin
Hall insulator phase with proximitized superconductivity and the magnetic phases with in-plane magnetization
(either ferromagnetism or antiferromagnetism) can realize a one-dimensional topological superconductor with
Majorana zero modes. Our proposal introduces semiconductor moiré homobilayers as an electrically tunable
Majorana platform with no need for an external magnetic field.
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Introduction. Transition metal dichalcogenide (TMD)
moiré systems have attracted great research interest [1–23], as
they provide a highly tunable platform for studying electron
correlation, band topology, as well as their interplay. Mott
insulators, generalized Wigner crystals, and quantum anoma-
lous Hall insulators were experimentally observed in TMD
moiré heterobilayers [4–11]. Twisted TMD homobilayers
were predicted to host intrinsic topological moiré bands that
can simulate the generalized Kane-Mele model [2]. Recent
optical and transport experiments reported the observation
of not only integer but also fractional quantum anomalous
Hall insulators in twisted bilayer MoTe2 (tMoTe2) [24–28].
Signatures of the integer quantum anomalous Hall insulator
were also detected in twisted bilayer WSe2 (tWSe2) using
scanning single-electron transistor microscopy [29]. These ex-
citing experimental findings immediately stimulated extensive
theoretical investigations [30–35].

An appealing feature of twisted TMD homobilayers is that
they host rich quantum phase diagrams that are experimen-
tally tunable [24–29]. This is illustrated in Figs. 1(b) and
1(c), which show, respectively, our theoretical phase diagrams
of tWSe2 at hole filling factors νh = 2 and νh = 1 as func-
tions of the twist angle θ and vertical electric-field-induced
potential Vz. Here, the results are obtained by a mean-field
study of a generalized Kane-Mele-Hubbard model. At νh =
2, the theoretical phase diagram includes the quantum spin
Hall insulator (QSHI), the in-plane antiferromagnetic state
(AFMx), the out-of-plane antiferromagnetic Chern insulator
(AFMz CI) with a Chern number C of 1, and the band insulator
(BI). At νh = 1, the theoretical phase diagram hosts the spin-
polarized Chern insulator (CI) with C = 1, the topologically
trivial out-of-plane ferromagnetic state (FMz), the in-plane
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ferromagnetic state (FMx), and the 120◦ antiferromagnetic
state (120◦ AFMxy). The phase transition between CI and
topologically trivial magnetic insulators driven by Vz has
recently been experimentally realized in both tWSe2 and
tMoTe2 at νh = 1 [24–29]. Since multiple phases can be re-
alized within one system of a given θ by tuning νh and Vz, it is
a promising direction to explore new physics that can emerge
in junctions formed between different phases.

In this Letter, we theoretically predict that a planar junc-
tion formed between the QSHI phase with proximitized
superconductivity (SC-QSHI) and the magnetic phases with
in-plane magnetization (e.g., FMx and AFMx phases) can
realize a one-dimensional (1D) topological superconductor
(TSC) with Majorana zero modes (MZMs) at the bound-
aries, as illustrated in Figs. 1(e) and 1(f). The MZMs are
highly sought after due to their non-Abelian braiding statistics
and potential application in topological quantum computation
[36]. Although MZMs are actively studied in several con-
densed matter platforms such as semiconductor nanowires
[37–41], superconducting vortex cores in topological insula-
tors [42–46], and ferromagnetic atomic chains [47,48], the
deterministic evidence of MZMs is still an ongoing research
topic. Therefore, it is worthwhile to search for new platforms
to realize MZMs. Our theoretical proposal introduces TMD
moiré systems as a potential Majorana platform based on two-
dimensional materials [49–51], where MZMs can be tuned
electrically without the need of any external magnetic field.

Model Hamiltonian and phase diagrams. We start with the
generalized Kane-Mele-Hubbard model that can phenomeno-
logically capture the interacting physics in topological bands
of twisted TMD homobilayers [2],

H = HKM + U
∑
i,α

n̂iα↑n̂iα↓ + Vz

2

∑
i,α

�α n̂iα. (1)
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FIG. 1. (a) Illustration of the generalized Kane-Mele model on
the effective honeycomb lattice formed in twisted TMD homobi-
layers. am is the moiré lattice constant. The green arrows denote
the complex next-nearest-neighbor hopping. (b), (c) Quantum phase
diagrams at νh = 2 and νh = 1, respectively. The solid (dashed)
black lines mark the first-order (continuous) phase transition. The
arrows on the honeycomb lattices represent the spin configuration.
(d) Schematic illustration of the QSHI state. (e), (f) Spatial distribu-
tion of two MZMs in SC-QSHI/AFMx and SC-QSHI/FMx junctions,
respectively. In (e) and (f), model parameters are fixed at the green
points in Figs. 2(b) and 4(b), respectively.

Here, HKM is the generalized Kane-Mele Hamiltonian,

HKM = t1
∑

〈i j〉,α �=β,s

c†
iαsc jβs

+ |t2|
∑

〈〈i j〉〉,α,s

eiφsεi j c†
iαsc jαs + · · · , (2)

where subscripts α and β denote the A or B sublattice in
the honeycomb lattice [Fig. 1(a)], s is the spin index that is
locked to the valley index in TMDs, t1 (t2) is the hopping
parameter between the nearest- (next-nearest-) neighbor sites,
and the symbol · · · contains longer-range hopping terms. The
next-nearest-neighbor hopping parameters carry spin- and
sublattice-dependent phase factors eiφsεi j , where s = +1 (−1)
for spin up (down) and εi j = ±1 for different hopping paths
[Fig. 1(a)]. In Eq. (1), U represents the on-site Hubbard
repulsion, while the last term is a staggered sublattice po-
tential �αVz/2 with �A = 1 and �B = −1. This staggered
potential is generated by an applied vertical electric field since
the two sublattices are polarized to opposite layers [2]. The
hopping parameters are tuned by the twist angle θ . Through-
out this Letter, we use the hopping parameters derived for
tWSe2 [14,52], while the obtained results are also applicable
to tMoTe2.

We present the mean-field phase diagrams at νh = 2 and
νh = 1 as functions of θ and Vz at U = 5|t1| in Figs. 1(b)
and 1(c), respectively. Here, a phenomenological value of
U is chosen to realize interaction-driven phases. At νh = 2,
the system with Vz = 0 would be in the QSHI phase in the
noninteracting limit (U = 0) but is driven to the AFMx phase
by a finite Hubbard repulsion U . Remarkably, the QSHI phase

FIG. 2. (a), (b) Energy spectra of QSHI and FMx states in a
cylinder geometry. In (a), the chemical potential μ

(0)
I is taken to set

the Dirac point of edge states (red lines) to be at zero energy. In (b),
the chemical potential μ

(0)
II is taken to set the middle of the charge

gap to be at zero energy. (c) Energy spectra in a cylinder geometry for
FMx/QSHI/FMx junction. 2	m and μm denote the gap and effective
chemical potential of the edge states, respectively. (d), (e) Numerical
results of 	m and 	m − |μm| as functions of μI and μII. In (e),
	m − |μm| = 0 along the black dashed lines. In (c), parameters μI

and μII are fixed at the green point in (e).

can reemerge in the presence of a finite Vz [Fig. 1(b)]. In
addition, the AFMz CI phase can also be stabilized by the
Vz field. The system is finally turned into a band insulator
by a sufficiently large Vz. We note that all these four phases
were previously reported for the Kane-Mele-Hubbard model
[53]. At νh = 1, the system is in the topologically nontrivial CI
phase at small Vz but is driven to the topologically trivial mag-
netic phases (including FMz, FMx, and 120◦ AFMxy states)
by large Vz. This Vz-tuned topological phase transition was
recently experimentally observed [24–29]. Similar theoretical
phase diagrams at νh = 1 can be found in Refs. [14,54]. Since
multiple phases can be stabilized by tuning Vz and νh at a
fixed twist angle θ , electric gate-defined junctions formed
between different quantum phases can be experimentally real-
ized within one sample. In the following, we study junctions
formed between the νh = 2 QSHI phase and magnetic phases
with in-plane magnetization such as νh = 1 FMx and νh = 2
AFMx phases.

Magnetic proximity effect. To study the QSHI/FMx junc-
tion, without loss of generality, we take θ = 1.5◦ and Vz =
4|t1|, where the system is in the QSHI phase at νh = 2
[Fig. 1(b)] and the FMx phase at νh = 1 [Fig. 1(c)], respec-
tively. We first characterize the two phases separately. The
QSHI phase can be described by the mean-field Hamiltonian,

H I
MF = HKM +

∑
i,α

(
Vz�α + U 〈n̂iα〉

2
− μI

)
n̂iα, (3)

where 〈n̂iα〉 is the mean-field average value of density operator
n̂iα and μI is the chemical potential. In Fig. 2(a), we present
the energy spectra of H I

MF in a cylinder geometry with a
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periodic boundary condition along the x direction (armchair
direction) and an open boundary condition along the y direc-
tion (zigzag direction). The red bands in Fig. 2(a) highlight the
gapless helical edge states protected by time-reversal symme-
try.

Similarly, the mean-field Hamiltonian for the FMx phase is

H II
MF = HKM +

∑
i,α

(
Vz�α + U 〈n̂iα〉

2
− μII

)
n̂iα

− U

2

∑
i,α

〈
Ŝx

iα

〉
Ŝx

iα, (4)

where Ŝx
iα = ∑

ss′ c†
iαs(sx )ss′ciαs′ with sx being the Pauli matrix

in the spin space and μII is the chemical potential. In Fig. 2(b),
we plot the energy spectra of H II

MF in a cylinder geometry,
which shows a sizable charge gap at νh = 1. The color of the
bands encodes the in-plane spin expectation value 〈sx〉. The
bands above the gap have larger |〈sx〉| than that of bands right
below the gap, because the former (latter) states mainly reside
in the A (B) sites, and magnetic moments mainly develop at
the A sites for Vz > 0. The interaction-driven magnetic term
can be approximated as −U 〈Ŝx

iα〉(σ0 + σz )sx/4 with the Pauli
matrix σz acting in sublattice space.

We now study a symmetric FMx/QSHI/FMx junction with
the junction interface along the armchair direction. We take
the chemical potentials μI and μII for the two phases as inde-
pendently tunable parameters and choose them such that zero
energy is always within the bulk charge gap of each phase.
The energy spectra of the junction in the cylinder geometry
are shown in Fig. 2(c). The edge states of QSHI become
gapped by the magnetic proximity effect. From the spectrum,
we define 2	m as the gap and μm as the effective chemical
potential of the edge states.

To have a qualitative understanding, we consider the spinor
part of the armchair edge states �1,2(y) of the QSHI for the
semi-infinite system with y > 0, which generally takes the
form [55]

χ1 = |σy = 1〉 ⊗ |sz = −1〉,
χ2 = |σy = −1〉 ⊗ |sz = 1〉. (5)

Therefore, the two edge states �1,2 can be coupled by the
sublattice-dependent magnetic term −U 〈Ŝx

iα〉(σ0 + σz )sx/4,
but not by a sublattice-independent term [55,56]. We note that
an out-of-plane magnetic term cannot gap out the edge states,
which is the reason to use magnetic phases with in-plane
magnetization in the junction.

We present the numerical value of 	m as a function of μI

and μII in Fig. 2(d). Here, 	m depends only on the difference
μII − μI. We find that 	m becomes larger (smaller) as the
QSHI edge state is tuned in energy closer to the conduc-
tion (valence) bands of the FMx phase, which is consistent
with the band-dependent magnetization shown in Fig. 2(b). In
Fig. 2(e), we present the numerical value of 	m − |μm| as a
function of μI and μII. When 	m > |μm|, there are no states at
the Fermi level and the system behaves as an insulator, which
is important to realize MZMs as we will explain; otherwise,
the system behaves as a metal.

MZMs in SC-QSHI/FMx junction. We turn to study the
SC-QSHI/FMx junction, where the QSHI region has a prox-

FIG. 3. Results for the the SC-QSHI/FMx junction. (a) The phase
diagram characterized by the Z2 topological invariant ξ in a cylinder
geometry as a function of μI, μII, and 	sc. (b) The energy gap in a
cylinder geometry as a function of μII and 	sc at a fixed μI. The
green dashed line marks the topological phase transition and the
black dashed line is obtained through the effective edge theory of
Eq. (6). (c) The energy spectra under open boundary conditions in
both directions with respect to μII at fixed μI and 	sc. The red bands
label the MZMs. In (b) and (c), μI takes the same value as that in
Fig. 2(c).

imitized superconducting pairing potential 	sc
∑

iαc†
iα↑c

†
iα↓+

H.c. This junction can be viewed as a 1D system with transla-
tional symmetry along the interface direction, which belongs
to the D symmetry class of the Atland-Zirnbauer classification
and can be characterized by the Z2 topological invariant ξ if
its energy spectra are fully gapped. Here, ξ can be defined
by the Pfaffian value of the Hamiltonian of the system in
the Majorana basis [57], and ξ = −1 (1) corresponds to a
topological (trivial) phase with (without) robust MZMs at the
boundary.

We present the topological phase diagrams of the junction
in a cylinder geometry as a function of μI, μII, and 	sc in
Fig. 3(a). The phase diagrams can be understood as follows. In
the parameter space where 	m > |μm| (enclosed by the black
dashed lines), an infinitesimal (but nonzero) pairing potential
	sc can drive this system into a TSC. This can be understood
by examining a system with open boundary conditions in both
directions, where the armchair and zigzag edges of QSHI have
a magnetic-dominated gap and superconducting-dominated
gap, respectively. In this case, there are isolated MZMs [58]
at the ends of the interface in the SC-QSHI/FMx junction
[Fig. 1(e)]. The TSC region becomes narrower with increasing
	sc [Fig. 3(a)], which can be attributed to the gap closing at
the junction interface. This topological phase transition can
be revealed by the low-energy effective Hamiltonian of the
armchair edge states

H̃ = kxτ0sz + 	mτzsx − μmτzs0 + 	̃scτysy, (6)

where the Pauli matrices τy,z act on the particle-hole (Nambu)
space and 	̃sc is the effective pairing potential for the
edge states. The energy spectrum of H̃ is closed when
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FIG. 4. (a) The energy spectra of the AFMx/QSHI/AFMx junc-
tion (inset plots) in a cylinder geometry. (b) Topological phase
diagram as a function of μIII and 	sc for the SC-QSHI/AFMx junc-
tion in a cylinder geometry. μ

(0)
III is taken to set the middle of the

charge gap of the AFMx state to be at zero energy. In (a) and (b), we
use θ = 1.5◦ and Vz = 2.5|t1| for the AFMx state.

	̃sc = √
	2

m − μ2
m, which is associated with a topological

phase transition.
We present the numerical value of the energy gap of the

junction in a cylinder geometry as a function of 	sc and μII at
a fixed μI in Fig. 3(b). The green dashed line characterizes the
topological phase transition associated with the gap closing.
The black dashed line plots 	̃sc = √

	2
m − μ2

m. The deviation
between the two lines implies that the effective pairing po-
tential 	̃sc is smaller than 	sc. This is because the magnetic
proximity effect suppresses the superconducting pairing for
the edge states. To further elaborate on the topological phase
transition, we present the open boundary energy spectra as a
function of μII at fixed μI and 	sc in Fig. 3(c), where the red
bands represent the MZMs.

MZMs in SC-QSHI/AFMx junction. We now show that
MZMs can also be realized by constructing the SC-
QSHI/AFMx junction. The νh = 2 AFMx state can also be
described by the mean-field Hamiltonian in Eq. (4) but with
〈Ŝx

iA〉 = −〈Ŝx
iB〉, leading to the magnetic term −U 〈Ŝx

iA〉σzsx/2.
This term can gap the armchair edge states of QSHI described
by Eq. (5). In Fig. 4(a), we plot the energy spectra of the
AFMx/QSHI/AFMx junction in a cylinder geometry, which
are fully gapped as expected.

When adding the superconducting pairing potential to the
QSHI phase, we obtain the SC-QSHI/AFMx junction, as
shown in the inset of Fig. 4(b). Similar to the SC-QSHI/FMx

junction, there are two robust MZMs at the ends of the inter-
face of the SC-QSHI/AFMx junction [Fig. 1(f)]. In Fig. 4(b),
we present the phase diagram as a function of μIII (i.e.,
the chemical potential in AFMx region) and 	sc at fixed
μI. We find that the TSC phase is relatively robust with
respect to the variations of μIII and 	sc [Fig. 4(b)]. This
stability can be traced to the large magnetic energy gap

opened by the magnetic proximity effect in the QSHI/AFMx

junction.
Discussion. In summary, we introduce twisted TMD ho-

mobilayers as a potential platform to realize MZMs. The key
of our proposal is to achieve gate-defined QSHI/FMx and
QSHI/AFMx junctions, which is feasible because of the gate-
tunable phase diagram and the recent experimental advances
in nanodevice fabrication [59]. When bringing in the super-
conducting proximity effect for the QSHI state, the system
can be topologically nontrivial and host MZMs, which can
be detected, for example, by tunneling experiments through
zero-bias conductance peaks [60]. Topological phase transi-
tions can be readily tuned electrically without involving any
external magnetic field, which is a potential advantage of our
scheme.

The MZMs are protected by particle-hole symmetry and
cannot be removed as long as the energy gap of the system
persists. We use junctions with the interface along the arm-
chair direction for illustration, but we find that MZMs can be
realized for any generic interface direction [52]. In the calcu-
lation, the superconducting pairing potential is assumed to be
uniform across the QSHI region and identical for the A and
B sublattices. This assumption can be relaxed, since the main
physics is governed by the edge states [52]. While we demon-
strate that the TSC phase diagram is electrically tunable by
adjusting the chemical potentials within the bulk charge gap,
the parameter Vz can also serve as a tuning knob. In the search
for MZMs, disorder effects often cannot be ignored [61]. The
effect of disorder and interaction physics beyond mean-field
theory in our scheme requires future study.

A fractional quantum anomalous Hall effect was recently
observed in tMoTe2 [25–28]. In contrast to Landau lev-
els formed in an external magnetic field, twisted TMD
homobilayers respect time-reversal symmetry, unless it is
spontaneously broken, for example, in the (fractional) quan-
tum anomalous Hall states. As a theoretical possibility,
time-reversal symmetric fractional quantum spin Hall insula-
tors [62,63] could also emerge in twisted TMD homobilayers.
In the junctions studied in this Letter, parafermionic zero
modes [64,65] can be realized when the QSHI state is replaced
by its fractionalized cousins (i.e., the fractional quantum spin
Hall insulators).
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