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Moiré heterobilayer transition metal dichalcogenides (TMDs) emerge as an ideal system for simu-
lating the single-band Hubbard model and interesting correlated phases have been observed in these
systems. Nevertheless, the moiré bands in heterobilayer TMDs were believed to be topologically
trivial. Recently, it was reported that both a quantum valley Hall insulating state at filling v = 2
(two holes per moiré unit cell) and a valley polarized quantum anomalous Hall state at filling v = 1
were observed in AB stacked moiré MoTes/WSez heterobilayers. However, how the topologically
nontrivial states emerge is not known. In this work, we propose that the pseudo-magnetic fields
induced by lattice relaxation in moiré MoTez /WSes heterobilayers could naturally give rise to moiré
bands with finite Chern numbers. We show that a time-reversal invariant quantum valley Hall in-
sulator is formed at full-filing v = 2, when two moiré bands with opposite Chern numbers are filled.
At half-filling v = 1, Coulomb interaction lifts the valley degeneracy and results in a valley polarized
quantum anomalous Hall state, as observed in the experiment. Our theory identifies a new way to

achieve topologically non-trivial states in heterobilayer TMD materials.

Introduction.— Recently, there is an intense study
on the moiré superlattices such as in twisted bilayer
graphene [IHI0] and twisted bilayer transition metal
dichalcogenides (TMDs) [I1H29]. The narrow moiré
bands together with strong electron-electron interactions
give rise to various interesting quantum states of matter.

The moiré superlattices formed by TMD heterobilayers
are particularly interesting [I6H30]. A moiré TMD heter-
obilayer is formed by stacking two different 2H-structure
monolayer TMDs MX, and MZXs,. Due to the large energy
offset of the valence bands of the two TMDs, the elec-
trons near the Fermi energy are mostly originated from
the TMD layer with higher valence band energy. There-
fore, a moiré TMD heterobilayer can be approximately
treated as a monolayer TMD with an additional moiré
potential which is created through interlayer couplings.
Moreover, due to the large Ising spin-orbit coupling [31-
33], spin degeneracy is lifted while the valley degeneracy
plays the role of pseudo-spin. In the presence of Coulomb
interactions, a moiré TMD heterobilayer can be treated
as a single-band Hubbard model simulator [18] 23] with
parameters highly tunable through the twist angle and
the displacement field. Several interesting correlated phe-
nomena such as Mott insulating states[23], Wigner crys-
tal states[24], Pomeranchuk effect and continuous Mott
transition [29] have been observed in AA stacked moiré
TMD heterobilayers. However, so far the moiré bands in
heterobilayers are expected to be topologically trivial and
topology does not play a role in these correlated phases.

Surprisingly, in a recent experiment with AB stacked
moiré MoTey/WSey heterobilayers, a quantum valley
Hall insulator state at full-filling v = 2, i.e., two holes
per moiré unit cell, and a quantum anomalous Hall state
at half-filling v = 1 were observed [34]. As the quantized

Hall resistance strongly correlates with valley polariza-
tion through magnetic circular dichroism measurements,
it is strongly suggestive that the quantum anomalous Hall
state is a valley polarized anomalous Hall state[34]. Al-
though it was predicted that the quantum valley Hall
state can emerge in homobilayer TMDs [14] which can
be described by a Kane-Mele model [35], the low energy
description of heterobilayers is dramatically different due
to the large offset of the energy of the bands which is esti-
mated to be around 300 meV [29,[34] and large differences
in interlayer tunnelling strengthens. Therefore, the origin
of the topologically non-trivial bands in heterobilayers is
not known.

In this work, we point out that a periodically modu-
lated pseudo-magnetic field, which could emerge sponta-
neously under lattice relaxation, can give rise to topo-
logically nontrivial moiré bands. Specifically, (i) the
pseudo-magnetic field can create Chern bands with op-
posite Chern numbers at opposite valleys. As a result,
a quantum valley Hall insulating phase would form at
v = 2, when the topmost moiré bands at two valleys are
filled; (ii) Importantly, at half-filling v = 1, based on
a self-consistent Hartree-Fock calculation, we found the
Coulomb interactions could lift the degeneracies of the
two valleys. It results in an interactions-driven valley
polarized quantum anomalous Hall phase as observed in
the recent experiments. Our theory identifies a new way
to achieve topologically non-trivial states in heterobilayer
TMD materials which were considered topologically triv-
ial.

Model— As pointed out in Ref. [I8], due to the
large Ising spin-orbit coupling which breaks the spin-
degeneracy and the layer asymmetry, a TMD heterobi-
layer can be described by a single-band Hubbard model



with the valley degrees of freedom playing the role of
pseudo-spins. However, the resulting moiré bands are
topologically trivial. One important element which was
not considered in the original model of TMD heterobi-
layer [I§] is lattice relaxation. Indeed, it has been shown
that local strain can result in lattice relaxation and even
lattice reconstructions which are important in twisted bi-
layer graphene [36, B7] and twisted TMDs [38H43]. Im-
portantly, the lattice relaxation can generate periodically
modulated pseudo-magnetic fields which play an impor-
tant role in the moiré band structure [36].

To capture the effects of periodic pseudo-magnetic
fields B(r), we include an additional gauge field A with
B(r) = V x A(r) into the previously proposed model
Hamiltonian for the moiré TMD heterobilayer [I8] 27] as
H = [dryl(r)H,(r)y,(r). Here,

(p+ TeA)?
()= P Ly, 1
H )=~ PETAS Ly 1)
where the momentum operator p = —iAV, m*
is the valence band effective mass, = = for
+K valley. The moiré potential is V(r) =

2Vo > -135C08(Gj - v + ¢) with moiré wave vectors

G; = \/gzM (cos((j_gl)7r),sin((j_gl)”))7 Ly ~ a/V6% + 02
is the moiré lattice constant with a lattice constant mis-
match 6 = (a — a’)/a and a twist angle 6. To be spe-
cific, we adopted the parameters: m* = 0.6mg with mg
the electron mass, a = 3.565A, o' = 3.317A [44146)] for
the band structure calculations of TMD MoTes;/WSes
heterobilayers, where the top valence moiré bands orig-
inate from MoTey layer [29, 34]. The model Hamilto-
nian H respects C'5 symmetry and time-reversal symme-
try T = . K with K as complex conjugate operation, and
the moiré Hamiltonians of the two valleys are related by
time-reversal symmetry: TH,(r)T~! = H_.(r).

We first consider the case without the pseudo-magnetic
fields B(r), i.e., A = 0, the moiré Hamiltonian exhibits a
spinless time-reversal symmetry: T'H.(r)T"~! = H.(r)
with 77 = K. This spinless time-reversal symmetry en-
forces the Berry curvature to be an odd function: Q(k) =
—Q(—k) (Supplementary Material (SM) Sec. I[47]). As a
result, the Chern number of each moiré band is zero. To
break this spinless time-reversal symmetry, an additional
periodically modulated pseudo-magnetic field B is intro-
duced in the moiré Hamiltonian . Evidently, in this
case T'H,(r)T'~! # H,(r). Hence, moiré bands with
finite Chern numbers are allowed.

To be specific, we consider a Cs-invariant periodic
pseudo-magnetic field: B(r) = Bo ) ;_; 3 5c08(Gj - 1),
which is expected to emerge in an AB stacked moiré TMD
bilayer under lattice relaxation as shown in Ref. [38] or
can be generated by some out of plane corrugation effects
[64, 55]. The topography of this pseudo-magnetic field is
shown in Fig. (a). It displays the same period as the
moiré superlattice, and it is important to note that the
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FIG. 1: (a) and (b) show the topography of a C3 symmet-
ric periodic pseudo-magnetic field (By = 20T) and the cor-
responding strain displacement field u, respectively. (c), (d)
and (e) show the moiré band structures at valley K calculated
at ®/Py = 0,0.45, 0.8 respectively, where the moiré potential
parameters are taken as Vo = 10 meV, ¢ = 0.37, § = 0.53°.
The top two moiré bands at ®/®y with Chern number Ck 1
and Ck 2 are highlighted. The corresponding distributions of
the Berry curvature within moiré Brillouin zone at ®/®¢ = 0
and ®/®P = 0.8 are shown in (f) and (g), respectively.

net flux in each moiré unit cell is zero, as we will see later
the topology of this system can be understood in terms
of the Haldane model [56]. The corresponding gauge
field of B(r) is derived as A(r) = Aglazsin(Gy - r) —
a;sin(Gs - 1) — agsin(Gs - r)], where a; = (@, $)La,
as = (0,1)Ly;, az = az —ay, and Ag = /3By /4n. This
gauge field can be generated by a two-dimensional strain
field uij(r) e (&uj(r) + 6jui(7’))/2 ﬂ@, L7, m with
A = a(2ugy, Upg — Uyy). The strain displacement field
that gives rise to the periodic B(r) is plotted in Fig. b)
(see the detail in Supplementary Material(SM)[47]). The
periodic strain displacement has been observed in moiré
TMD bilayers [4IH43]. Physically, there are different
types of local stacking configurations which result in dif-
ferent lattice relaxation within a moiré unit cell [38] [47].
As presented in SM [47] such lattice relaxation could gen-



erate the periodic pseudomagnetic fields we introduced.
Inserting A(r) into Eq. (1), we obtained H,(r) =

5 P A)\2
—% + V(r), where ® = 2 is a flux quantum
and ® = Y2 ByL3, has the dimension of magnetic flux,
A _ 4 A(r)
V3BoL2,
wave basis to obtain the moiré bands (SM Sec. IVA [47]).
As an illustration, in Fig. [[c) to (e), we show the
energy spectrum of +K valley (7 = +1) at a commen-
surate angle § = 0.53° [27] but with different strength
of pseudo-magnetic field: /P = 0,0.45,0.8. The corre-
sponding Berry curvature distribution of top moiré bands
at ®/®y = 0 and ®/®y = 0.8 are shown in Fig. [I{f) and
Fig. g). Without the pseudo-magnetic field, the moiré
band carries zero Chern number (labeled in Fig. [[[c)),

. We can then diagonalize H. () with plane

J

€0+ 2Vp cos @
HY (k) = | £5
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where k is expanded near +x, ¢g = —k2/2m*, v = k/m*,
€ = %@% = % is a magnetic energy due to the

presence of pseudo-magnetic fields. Interestingly, this
three-band Hamiltonian exhibits as a Dirac Hamiltonian
at every two-band subspace. Moreover, the eg shifts
the Dirac mass in opposite way at +x and —k. This
feature maps the effective Hamiltonian back to the Hal-
dane model [56] and moiré bands with finite Chern num-
ber would thus be created when the Dirac mass term
changes sign at +k or —k. The topological phase transi-
tion boundary lines are obtained as:

LB 2T 4y — cosdl-
L;: o= +2[cos( 3 + @) — cos ¢l; (3)
Ly : i/—B = +2[cos ¢ — cos(l%7r + ) 4)
0
Ly: 2 = tleos( +0) - cos(g 40 (9

Surprisingly, the topological phase transition boundary
lines L; only rely on the ratio %3) and the phase ¢ of the
moiré potential in the perturbative regime, where the
moiré bandwidth ey is much larger than the magnetic
energy €g.

To determine the possible nontrivial topological re-
gions, the Chern number C' of the top moiré band with
various ¢ and ratio eg/V} is calculated numerically (SM
Sec. IVB [47]). The typical topological phase diagram
within (Vo = 1 meV) and beyond (Vy = 10 meV) the per-
turbation region are displayed in Fig. [Ja) and Fig. 2{b),
respectively, where C' is found to be able to take the
value of 0, +£1 and 4+2. The phase boundaries given by

+iv(ky + iky)
v(ky —iky) €0+ 2V0'cos(%7T +¢) Fen
Fsv(ky —iky)

although there appears to be finite Berry curvature at
moiré Brillouin zone corners £« (Fig. [[[f)). With an in-
crease in the pseudo-magnetic field, it can be seen that
the gap at « is closed at /Py = 0.45 and reopens when
®/dy > 0.45, which results in finite Chern numbers for
the top two moiré bands (labeled in Fig.[Ie)). It is clear
from Fig.[I[g) that, for the band with a finite Chern num-
ber, the Berry curvature has the same sign in the whole
Brillouin zone.

Topological phase diagram.—To understand the topo-
logical phase transition, we derived an effective Hamilto-
nian near +x by performing perturbation theory at three
moiré Brillouin corners connected by the reciprocal lat-
tice vectors for the moiré pattern (SM Sec. ITA [47]). The
resulting effective Hamiltonian is

i%v(km —iky)
:I:%’U(km + Zky) , (2)
€ + 2V, cos(%7T +¢)tep
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FIG. 2: (a) and (b) respectively, display the Chern number
C as a function of phase ¢ and the strength of the pseudo-
magnetic fields characterized by the ratio of eg/Vy with Vp =
1 meV and Vp = 10 meV. The red dashed lines represent the
phase boundaries given by the effective Hamiltonian.

the effective Hamiltonian (2) are also depicted in Fig. 2]as
red dashed lines. In Fig. a), impressively, most of the
phase boundaries in numerical results match the results
from the effective Hamiltonian. As shown in Fig. b),
the phase boundaries become more complicated beyond
the perturbative regime. Nevertheless, there is still a
large proportion of parameter space that exhibits Chern
number C' = +1.

We now discuss the accessibility of parameter space
with finite Chern numbers. As shown in Fig. [2] the opti-
mal ¢ is near /3 and 7, and a large magnetic energy ep
at the order of 1} is desired. Note that the magnitude
of eg = BeBa  0.05By meV/T is determined by the

4m*

strength of pseudo-magnetic fields By. Considering a By
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FIG. 3: (a) Schematic plot of the evolution of Chern num-

ber for top moiré bands at two valleys in the presence of
pseudo-magnetic fields, different fillings and interaction with
the emergence of quantum valley Hall (QVH) at filling v = 2
and valley polarized quantum anomalous Hall (QAH) at filling
v =1. (b) The energy difference between the inter-valley co-
herent state (IVC) and the spin-valley-polarized (SVP) state:
Erve — Esyp (in units of meV) as a function of dielectric
constant € and twist angle 6. (c) shows the evolution of
Erve — Esvp (top panel) and Chern number (lower panel)
at finite flux. (d) and (e), respectively, show the moiré band
structures &-(k) and the mean-field band structures of the
SVP state Esvp-(k) at ®/Po = 0.8. The parameters for
moiré potential in (b) to (e) are taken as Vo = 10 meV
¢ = 0.3m, § = 0.53°. Here, ¢ = 10, A~ = 10 nm [1T} 29| [59]
are adopted for (c) to (e).

of tens of T, the magnetic energy ep is estimated to be
several meV which is achievable in heterobilayer TMDs
and other moiré materials [38]. As shown in Fig. [2| this
ep is certainly sufficient to drive the system to be topo-
logical for ¢ near 7/3 and m, while for ¢ far from these
regions, it would depend on the magnitude of V. A large
Vo would tend to make the system trivial since it would
enhance the trivial energy gap between moiré bands. In
the case of a large Vj (tens of meVs), the topological
region may still be achievable through a displacement
field [29], because the displacement field effectively tunes
the interlayer tunneling so that Vf could be effectively
changed.

Valley polarized quantum anomalous Hall states at
half-filling v = 1.—After demonstrating the formation
of Chern bands in moiré TMD heterobilayers with peri-
odic pseudo-magnetic fields, we now study the interaction
induced topological phases, as schematically depicted in
Fig. a). We consider the case where the Chern num-
ber C = +1 at the =K valley. Due to the spin-valley

locking, the moiré TMD heterobilayer is a quantum val-
ley Hall insulating phase at the full-filling v = 2 (see
Fig.[3[a)). When the chemical potential is tuned to half-
filling » = 1, as we will demonstrate later, the Coulomb
interaction could lift the valley degeneracy and thus gives
rise to a valley polarized quantum anomalous Hall insu-
lator.

In moiré TMD heterobilayer, due to the spin-valley
locking, the Coulomb interaction is simply

znt Z V

kk’,q

Lk +q)cl, (K" — q)er (K )er (K),

(6)

where S is the sample area, V(q) is the

— 62

o 2560\/m
screened Coulomb interaction with €, ¢y, A~! denot-
ing the dielectric constant, vacuum permittivity and a
screened length. In practice, the dielectric constant
and screened length are determined by the surround-
ing hBN and metallic gates [60]. Within the Hartree-
Fock mean-field analysis, we define the order parame-
ter as (valcl(k)er (k') |g) = Arrr(k)Ok ks, where [1hg)
denotes the ground state. Unlike moiré superlattices
of graphene [9, (9, [61HG3], here due to the spin-valley
locking, the possible gapped correlated ground states for
moiré TMD heterobilayer can be simply grouped into
two categories at half-filling: (i) the spin-valley-polarized
(SVP) state |1¢) = Iljgj<rcl(k)|0), where only 7-
valley is occupied; (ii) the spin-valley-locked intervalley
coherent (IVC) state [1hq) = IIjk|<p, [sin %e‘i%’eci(k)—i—
cos 6—’“617 T (K)]10), where 0, = 7 — 0_p, and @p = ©_g
to preserve the time-reversal symmetry. The SVP state
breaks time-reversal symmetry, while the spin-valley-
locked IVC state breaks the U(1) valley-charge conser-
vation. Importantly, as a result of a single valley occu-
pancy, a SVP ground state at half-filling v = 1 could lead
to the valley polarized quantum anomalous Hall insulat-
ing state.

To study the stabilized ground state at v = 1, we per-
formed the Hartree-Fock mean-field calculations. In the
calculations, we projected the interactions onto the top-
most moiré bands [9] 61), [62]. The details of the calcu-
lations can be found in SM Sec. III and Sec. IV [47].
Here, we summarize the numerical results in Fig. b) to
Fig. 3| l(f Fig. |3 I ) displays the energy difference of the
IVC and SVP state E;yc — Egyp as a function of twist
angle 6 and dielectric constant €. It is shown that in a
wide parameter range, the SVP state exhibits lower en-
ergy than the IVC state, being compatible with previous
results in moiré superlattices of graphene [61] [62] [64]. In-
deed, Erve— Esyp > 0 can be shown analytically in the
long-wave limit gLy < 1 as shown in SM Sec. III [47].
To obtain the observed insulating QAH state, a gapped
SVP state is needed, which happens when the strength
of Coulomb interaction overcomes the band dispersion as
highlighted in Fig. 3|(b).



We also performed the Hartree-Fock mean-field cal-
culations with finite pseudo-magnetic fields (® =

?BOL?W # 0) which enables the moiré bands to carry
finite Chern numbers. We found that the SVP state is
still more stable than the IVC state in this case. As
shown in the upper panel of Fig. c), the energy dif-
ference of Ejyc — Egyp is almost insensitive to the in-
crease in the strength of pseudo-magnetic fields. This is
because the corresponding magnetic energy ep is much
smaller than the Coulomb interacting strength (~ 100
meV). In contrast with the stability of the SVP state,
the topology of the moiré bands is determined by spe-
cific pseudo-magnetic fields. As shown in the lower panel
of Fig. [[c), the SVP states acquired finite Chern num-
bers at some range of pseudo-magnetic fields. Therefore,
by considering the effects of pseudo-magnetic fields and
Coulomb interactions, we demonstrated the degeneracy
of the two moiré bands &4 (k) can be lifted (see Fig. 3(d))
and a single moiré band carrying a finite Chern number
appears at half-filling (see Fig. 3(e)). As a result, moiré
TMD heterobilayers can exhibit valley polarized quan-
tum anomalous Hall states.

Discussion.— It is important to note that another nat-
ural way to create nontrivial Chern bands is by reduc-
ing the energy offset of the valence bands of MoTes and
WSe; by applying a displacement field, such that the
moiré bands of the two TMD materials can hybridize to
open a topologically non-trivial gap [14] B5]. However,
it is not certain if the relatively small displacement field
(~0.5 V/nm) used in the experiment [34] can hybridize
the moiré bands from MoTe; and WSes, which are ex-
pected to have an energy offset of 300meV [29] 34]. In
the case of QAH effect observed at 3/4 filling in twisted
bilayer graphene, the non-trivial Chern bands are gener-
ated by the coupling between the aligned graphene moiré
superlattices and the boron nitride substrate [4, [7, [61] [65-
67]. In this work, we propose a new mechanism that
pseudo-magnetic fields induced by lattice relaxation can
cause topological band inversion for moiré bands origi-
nated from a single layer (such as the MoTes layer). Our
results in principle can be applicable to other TMD mate-
rials with pseudo-magnetic fields [38] 54, [68]. Our model
also provides a basis for the study of other strongly inter-
acting phases such as fractional Chern insulating states
[69-72] in heterobilayer TMDs.

In the SM Sec. V [47], we go beyond the pseudo-
magnetic field approximation and introduce an effective
tight-binding model to describe the MoTe;/WSes het-
erobilayer with lattice relaxation. We demonstrate how
lattice relaxation can cause gap closing and reopening
and change the topology of the top moiré bands. Both
the gap closing positions as well as the topology of bands
of the effective tight-binding model are consistent with
the results from the pseudomagnetic field description.
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