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SPECIAL TOPIC — Valleytronics

Moiré Dirac fermions in transition metal dichalcogenides
heterobilayers

Chenglong Che(Z= ), Yawei Lv(E 1 &)", and Qingjun Tong(# k% )*
School of Physics and Electronics, Hunan University, Changsha 410082, China

(Received 31 May 2023; revised manuscript received 24 July 2023; accepted manuscript online 10 August 2023)

Monolayer group-VIB transition metal dichalcogenides (TMDs) feature low-energy massive Dirac fermions, which
have valley contrasting Berry curvature. This nontrivial local band topology gives rise to valley Hall transport and optical
selection rules for interband transitions that open up new possibilities for valleytronics. However, the large bandgap in
TMDs results in relatively small Berry curvature, leading to weak valley contrasting physics in practical experiments.
Here, we show that Dirac fermions with tunable large Berry curvature can be engineered in moiré superlattice of TMD
heterobilayers. These moiré Dirac fermions are created in a magnified honeycomb lattice with its sublattice degree of
freedom formed by two local moiré potential minima. We show that applying an on-site potential can tune the moiré flat
bands into helical ones. In short-period moiré superlattice, we find that the two moiré valleys become asymmetric, which
results in a net spin Hall current. More interestingly, a circularly polarized light drives these moiré Dirac fermions into
quantum anomalous Hall phase with chiral edge states. Our results open a new possibility to design the moiré-scale spin

and valley physics using TMD moiré structures.

Keywords: moiré superlattice, valleytronics, transition metal dichalcogenide, quantum anomalous Hall state

PACS: 73.90.4f, 68.65.Cd, 68.65.-k, 05.30.Rt

1. Introduction

Many two-dimensional (2D) materials have degenerate
energy extrema located at inequivalent momentum points in
the Brillouin zone, which introduces the valley degree of free-
dom for quasiparticles.!-?! This valley index can be used to en-
code information, forming the basis of valleytronics.>* Be-
cause different valleys are separated from each other in the
momentum space, the scattering between them is largely sup-
pressed. A prerequisite for the realization of this tempting idea
is to manipulate the valley degree of freedom. 1!

The breaking of inversion symmetry has been recognized
to be crucial to distinguish and further manipulate the valley
degree of freedom.®! It has been shown that, in Dirac materi-
als without inversion symmetry, there exist valley contrasting
Berry curvature and orbital magnetic moment, which result in
valley dependent Hall transport and optical selection rules for
interband transitions.[”-"! The latter effect means that a cir-
cularly polarized light can selectively pump the two valleys,
suggesting an optical way to realize valley polarization. Fol-
lowing these theoretical predictions, subsequent experiments
have successfully generated valley polarization in monolayer
TMDs, which break intrinsically the inversion symmetry in

[10-12] Besides valley polarization, val-

their monolayer limit.
ley current is another requirement to function the valleytronic
devices. Several experimental activities have been taken in

TMD materials based on the valley Hall effect.!'3-1>] How-
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ever, because of the large intrinsic band gap in TMDs, the
Berry curvature is relatively small, which makes the generated
valley contrasting physics not robust in practical experiments.
We also notice that the quantum valley Hall state and valley
polarization quantum anomalous Hall state in-principle can
provide topologically protected valley current, however, the
realization of which needs carefully engineered spin—orbital
coupling (SOC) and applied external magnetic field.

Stacking different 2D materials to form van der Waals
(vdW) heterostructures offers exciting opportunities for study-
ing low-dimensional physics and functional devices.!'®) A
general feature of vdW heterostructures is the formation of
a long-range quasi-periodic structure, i.e., moiré pattern, due
to the lattice mismatch and twist between the constituent
layers.[!7-2% For a long-wavelength moiré pattern, within a
length scale much larger than the lattice constant but small
compared to the moiré period, the atomic registry has neg-
ligible difference from commensurate bilayers, while varies
smoothly over long range.!*!! This unique atomic superlat-
tice offers new opportunity to explore novel quantum phases
in the 2D limit, such as topological insulator superlattice, *!]
moiré skyrmions, 2>l moiré excitons!>>-2’! and strongly corre-
lated electronic states.>-33] These novel quantum phases have
opened up a new avenue for studying valleytronics.

In this paper, we show that Dirac fermions with tunable
large Berry curvatures can be realized in the moiré pattern
formed by the TMD heterobilayers. In particular, our first-
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principles results show that the moiré potential has two nearly
degenerate extrema, which resembles a magnified gapped
graphene lattice and gives rise to valley-indexed moiré Dirac
fermions. Applying on-site potential on the two outmost
zigzag edges of the moiré lattice, we can tune the gapped flat-
band edge states into gapless helical ones. In addition, we find
that in short-period moiré lattice, the two moiré valleys be-
come asymmetric due to the triangular wrapping effect, which
can give rise to a net spin Hall current in the presence of an
in-plane electric field. Interestingly, applying a circularly po-
larized light can drive the moiré system into quantum anoma-
lous Hall phase with topological chiral edge states. Our result
provides an interesting possibility to explore the moiré-scale
spin and valley physics in vdW heterostructures.

2. Valley contrasting physics in massive Dirac
model

Before discussing the moiré Dirac fermions in TMDs
heterobilayer, we first review briefly the valley contrasting
physics in massive Dirac model that describes the low-energy
physics of monolayer TMDs. TMDs have chemical formula
MX,, where M is a transition metal element (Mo or W) and X
is a chalcogenide element (S, Se or Te). Similar to graphite,
bulk TMDs are indirect bandgap semiconductors, and formed
by stacking different layers together by weak vdW force.
Within each layer, the metal atoms are coordinated by three
adjacent chalcogenide elements in a triangular prism geome-
try, together forming a 2D honeycomb lattice from a top view.
Unlike bulk TMDs, monolayer TMDs have direct bandgap
located at the K points in the first Brillouin zone, giving
the valley degree of freedom.**! We notice that the inversion
symmetry is intrinsically broken for monolayer TMDs. Aris-
ing from the d orbital nature, a strong SOC of several hun-
dred meV is found in the valence band, resulting in spin—valley
locked physics.[’!

The low-energy physics of monolayer TMDs can be ef-
fectively described by a massive Dirac Hamiltonian "’

M o, —1
H = at(Tky0y + ky0y) + — 0, — AT—

K 1
2 2 YZa ( )

where o is the Pauli matrix for the basis functions consisting
of Bloch states at =K points, a is the lattice constant, ¢ is the
effective hopping integral, T = %1 is the valley index, M is the
Dirac mass (energy gap at +K points), and s, is the Pauli ma-
trix for spin. In this model, the spin-up (1) and spin-down ({)
components are completely decoupled and s, remains a good
quantum number. Figure 1(a) shows the energy spectrum of
monolayer MoS, around the two valleys, which has a large
SOC-induced splitting of 21 at the valence bands. The Dirac
model has nontrivial local band topology, which is character-
ized by the Berry curvature. In a 2D material, it is defined as

Q,(k) =2-Vix (u,(k)|iVg|u,(k)), with n being the band
index. From Eq. (1), the Berry curvature for the conduction
band is

(@)

2a°t°M’

Qc(k) = _T[MIZ 4222
where M’ = M — ts,A. The distribution of the Berry curva-
ture in momentum space is shown in Fig. 1(b). As required by
time reversal symmetry, the Berry curvatures from K valley
and —K valley have the same amplitudes but opposite signs,
which gives rise to valley contrasting transverse electric cur-
rent in the presence of an in-plane longitudinal electric field.
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Fig. 1. (a) Schematic diagram of energy bands around the two valleys.
The valley and spin indexes are indicated. (b) Distribution of Berry cur-
vature Q(k) around the two valleys in the conduction band of mono-

layer MoS,, given in units of A% The parameters used are a = 3.193 A,
t=1.10eV,A =0.075eV and M = 1.66 eV.

First-principles results show that the Bloch states of
monolayer TMDs near the band edges are mainly contributed
by d 2, dyy, and d 2 2 orbitals of metal atoms.[3#! To facilitate
the band structure calculation, a tight-binding (TB) model is
constructed using these three orbitals, with parameters fitted
according to the first-principles results. The TB model that
only considers the nearest neighbor hopping between metal
atoms can well reproduce the band structures near the £K
points, where we mainly focus in this work.

The three-band TB Hamiltonian reads

N
Hr = ZZSmCQLmCim + Z Ztim,an,Tijn, 3)
i=l m (i,j)ymn
where {m,n} = {d2,d,d2_o} are the orbital indices and
tim,jn 1S the hopping integral between different orbitals and
&y, is the on-site energy. The SOC can be incorporated by
Hsoc = AL - S. The details of parameters for various TMDs

are given explicitly in reference. 34!

3. Moiré Dirac fermions

Form Eq. (2), one can see that the magnitude of the Berry
curvature is inversely proportional to the bandgap of the Dirac
materials. In the following, we discuss the possibility of using
moiré potential to engineer Dirac fermions with tunable small
bandgap.

3.1. Moiré potential in TMDs heterobilayers

Because of the large number of atoms involved (e<
(L/a)?), a direct first-principles calculation of the electronic
property of a moiré pattern is challenging [c.f. Fig. 2(a)].
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However, in a long-period moiré pattern, each local registry re-
sembles lattice matched commensurate structure, one can first
study electronic property at each local region and then map
to the whole moiré pattern using a local approximation. In
a semiconductor heterobilayer, the band-edge state is mainly
contributed from one layer. The influence from the other layer
can be taken into account by defining a moiré potential V(r),
which depends on the interlayer atomic registry . Because the
interlayer distance is typically much larger than the in-plane
variation in a unit cell, one can approximate V(7) by a Fourier
expansion that includes only the six moiré reciprocal lattice
vectors in the first shell, 3!

V(r):vZexp(bi-rJr(p)JrVo, )

where the summation over b; is restricted to the six moiré re-
ciprocal lattice vectors as shown in Fig. 2(c). Because the po-
tential is real and each TMDs monolayer has threefold-rotation
symmetry, we have v(l?zﬂ/3b) = v(b) and v(b) = v*(-b).
The three parameters {v,®,Vp} can be obtained by fitting
from first-principles results at the three high-symmetry lattice-
matched configurations [c.f. Fig. 2(b)].

by
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Fig. 2. (a) Schematic diagram of a moiré pattern formed in TMDs het-
erostructures. The three high-symmetry locals are labeled. L is the
moiré periodicity. (b) Magnified view of three high-symmetry stack-
ing configurations. A, B, and C stand for configurations with a metal
atom of the top layer sitting right on top of a metal atom, hollow center,
and chalcogen atom of the bottom layer, respectively. Purple and gray
balls represent transition metal atoms, green and yellow balls represent
chalcogenide atoms. (c) The six reciprocal lattice vectors of the moiré
pattern with |b| = %. The hexagon gives the first moiré Brillouin
zone. (d) Moiré potential for the valence band of a MoSe, /WS, heter-
obilayer along the long diagonal of the moiré supercell, featuring two
local maxima.

The first-principles calculations are performed with the
open-source QUANTUM ESPRESSO plane-wave density
functional theory (DFT) package.?®3”] The Perdew—Burke—
Ernzerhof (PBE) exchange—correlation functional with semi-
empirical DFT-D3 vdW correction method is adopted.*®! The
plane-wave cut-off energy is setto 1115 eV. The crystal struc-
tures are fully relaxed until the force on each atom and to-
tal energy variations are smaller than 2.6 x 10~ eV /A and

1.4 x 107* eV. To avoid mirror interactions in the thick-
ness direction, a vacuum space of 15 A is used between
adjacent heterostructures. The Brillouin zone k-point sam-
plings are 10 x 10 x 1 for both crystal optimizations and elec-
tronic structure computations. The obtained band-edge en-
ergy of the R-type MoSe,/WS, heterobilayer for different
configurations (as referenced by a common vacuum level) is
listed in Table 1, from which the parameters {v,@,Vo} =
{—6.4 meV,234°,38.3 meV} defined in the moiré potential
of Eq. (4) can be extracted. We find that the moiré potential
has two local maxima for holes located at WS, layer, with an
energy difference of about 7 meV [c.f. Fig. 2(d)] and form-
ing a honeycomb lattice. Furthermore, we have checked that
for the H-type MoSe, /WS, heterobilayer, the moiré potential
forms a triangular lattice for holes located at WS layer.
Table 1. First-principles calculated band-edge energy for the three high-

symmetry configurations of the R-type MoSe, /WS, heterobilayer [see
Fig. 2(b)]. Energy is given in units of eV.

A B C
—-5.211 —5.204 —5.265

MOSez/WSZ

3.2. Moiré Dirac fermions in TMDs heterobilayers

Although the moiré potential breaks the original transla-
tion symmetry of each monolayer, the appearance of moiré
periodicity in the heterostructure guarantees the application
of Bloch theory and results in the formation of moiré mini-
bands. We mainly focus on the electronic property of the het-
erostructure around the valence band, which can be modeled
by adding directly a moiré potential V (R) on the TB Hamilto-
nian of monolayer TMDs. We assume that the moiré pattern is
formed between two rigid lattices, where the mapping between
the local registry = and location R is linear. Therefore, the r
dependence of the interlayer potential in commensurate bilay-
ers can be directly mapped to the location (R) dependence of
the interlayer potential in a moiré. Under this approximation,
the moiré modulated interlayer potential as a function of R
is isomorphic to V(r), i.e., V(R) = V(r(R)).[>"3! In terms
of this moiré potential, the TB Hamiltonian of the TMD het-
erostructure reads

N

A= Z,Z,[gmJFV(RI')]C}LmCim+ Z Ztim,jncjmcjnv (5)

i=lm (i,jymn

the SOC can also be included in the calculation. We note
that because the coupling between the two layers can be
modulated by applying external vertical electric field and
pressure, the moiré potential is experimentally tunable. A
similar procedure has been introduced for excitons in TMD

[23.24] i which localized excitons have been ex-

d. [25-27]

heterobilayer,
perimentally observe

For moiré potential with only one energy minimum, a tri-
angular lattice is formed, which has been proposed to study

35,39

Hubbard model physics.?>*! For moiré potential with two
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nearly degenerate extrema, a hexagonal lattice is formed,
which allows for the creation of moiré Dirac fermions with ad-
ditional moiré valley degree of freedom appearing in the mini-
bands. For an R-type MoSe; /WS, heterobilayer, our first-
principles results show that the moiré potential has two local
maxima for holes mainly contributed from WS, layer, with
an energy difference of about 7 meV [c.f. Fig. 2(d)]. Fig-
ure 3(a) shows the moiré miniband around the valence band
edge, which features two gapped Dirac cones. The two cones
locate at in-equivalent +K corners of the mini-Brillouin zone,
defining a moiré valley degree of freedom. The miniband
structure can be understood from the intra and inter moiré
hopping of the localized state at each confinement center and
well fitted by a TB Hamiltonian including only the nearest-
neighbor hopping on a hexagonal lattice in the moiré scale

Hp =Y,&a)a;+10Y,a a1 +hec., (6)

where 1) is the hopping integral and & = +A /2 is the on-site
energy for the two sublattices. The fitted hopping parameter
to (purple line with triangles) and A (black line with disks)
as a function of moiré periodicity L are shown in Fig. 3(c).
The moiré hexagonal lattice resembles a magnified graphene,
which enables fine tuning on each moiré site. Applying op-
posite potentials on the two outmost zigzag edges of a moiré
lattice tunes the gapped flat-band edge states into gapless heli-
cal ones [c.f. Fig. 3(d)].1*%! These in-gap edge states are well
separated from the bulk ones and propagate with opposite ve-
locities and moiré valley indexes, thus opening up a new pos-
sibility to manipulate 1D topological state in the moiré scale.

a (b) 7
S -20/ %x 4
E v 0 0.003
K -40f .
=)
-60 p v Q

r K M-K T
(©) D
6 S 3
E of
< =
“é = . .-
E 3t .\ ke ) —@— A i R
< N\ > 3
é A N [
._1_“‘“*1“ é 0t
0 1 1 1 “ﬁ [ﬂ _3 | . W _._;
40 60 80 100 K -K
L/a
Fig. 3. (a) Minibands with moiré Dirac cones for an R-type

MoSe; /WS heterobilayer with L = 42a, a being the lattice constant of
WS,. Inset: full dispersion near the moiré Dirac point -K. (b) Wave-
function distribution at moiré Dirac point K indicated by the green tri-
angle and dot in (a). (c) Fitted parameters #) and A in Eq. (6) as a
function of moiré periodicity L. (d) The edge states of a moiré ribbon
can be tuned from flat (upper plot) to helical (lower plot) by adding an
on-site potential of 1.7y and —1.7¢y at the two outmost zigzag edges.
The parameters used are 7o = 2.37 meV,A = 3.845 meV.

Hexagonal lattice with a staggered sublattice potential has
been widely explored to study Berry phase supported topolog-
ical transport.[*=*3] The Berry curvature, which leads to an
anomalous velocity in the transverse direction in the presence
of an in-plane electric field, at the moiré Dirac point +K in
the conduction band is Q(7K) = —27L*3 /A2, where 7 is the
moiré valley index. Compared with Dirac fermions in mono-
layer semiconductor, Berry curvature in moiré Dirac fermions
is magnified by a factor o< (L/a)?. This giant Berry curva-
ture leads to a large moiré valley Hall current, which can be
detected as a giant nonlocal voltage. [4443]

(a)
S -10f W st
g -1sf

K -K K -K

(b) g5
X <—>c
ol
o
= 0
G

-5.7 L —

K -K

Fig. 4. (a) Two topmost moiré minibands for L = 27a (left) and L =42a
(right). (b) Berry curvature of the topmost band for L = 27a. Inset: the
asymmetry in the two moiré valleys leads to a spin Hall current con-
tributed from the two original +K valleys. { denotes an in-plane exter-
nal electric field. The curved red (blue) arrow denotes spin up (down)
Hall current.

3.3. Asymmetric moiré valleys due to triangular wrapping

Because the Berry curvature in the two moiré valleys +K
of along-period moiré described by Eq. (6) has opposite value,
there is no net charge Hall current. However, we find that when
reducing the moiré periodicity, the moiré valleys in the mini-
band obtained directly from Eq. (5) become asymmetric, with
different alignment and band gap [c.f. Fig. 4(a)]. This is be-
cause the two moiré valley states at K and —K are located at
opposite directions measured from the original K point, which
are inequivalent arising from the triangular wrapping effect.
This wrapping effect is proportion to k>, with k being the mo-
mentum measured from K point in the original Brillouin zone,
and is strong for a short-period moiré pattern with a corre-
sponding large moiré Brillouin zone. Because of this asym-
metry in the two Dirac cones, the Berry curvature from the
two moiré valleys +K does not have opposite values any more,
resulting in a charge Hall current at each original valley [c.f.
Fig. 4(b)]. With the increase of moiré period L, the triangular
wrapping effect fades out gradually. As a consequence, the
Berry curvatures at the two moiré valleys approach opposite
values. Considering the strong SOC in the valence band of
TMDs, this charge Hall current is spin polarized. In the pres-
ence of time-reversal symmetry, there is a net spin Hall current
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contributed from the two original K valleys, although the to-
tal charge Hall current cancels out. Note that in monolayer
TMDs, the Berry curvature is very small because of the large
band gap. Moiré Dirac fermions in TMD vdW heterostructure
are therefore a potential platform to generate large spin and
valley currents.

3.4. Light-induced quantum anomalous Hall effect

Light is a powerful tool to engineer physical property in
solid state systems.**~*8] In the following, we discuss the ef-
fect of light on the moiré Dirac fermions, focusing on the pos-
sible nontrivial global band topology. The light—matter inter-
action is introduced via the minimal substitution, i.e., k —
k+eA(r) with A(r) being the vector potential of the applied
electromagnetic field. For concreteness, we consider a circu-
larly polarized light, which has A(r) = Ag(n cos Qt,sin Qr)
with Q = 27 /T being the frequency of light, Ag being its am-
plitude, and 1 = %1 denoting its chirality. We note that the lin-
early polarized light is a superposition of the left and right cir-
cularly polarized light, A(z) = Ao(0, sin Q¢). The light-matter
interaction is totally determined by a dimensionless constant
A = eAgL/h. We notice that time-reversal symmetry is bro-
ken when a circularly polarized light is applied to the system.

Light driving renders the moiré Dirac Hamiltonian time-
periodic, Hy(t) = Hy(t + T) with periodicity 7, which can
be solved using the Floquet theory. This theory states that
the solution of the Schrodinger equation of a time-periodic
Hamiltonian is a product of a phase factor and a time peri-
odic state, i.e., |y(¢)) = e ' |u(r)), where the time periodic
function |u(t)) =| u(t+ ZQ—”)> is the Floquet state and ¢ is the
quasienergy, satisfying

o= O - | o) =elur), )
where Hf, is called the Floquet Hamiltonian, which can be di-
agonalized in the extended space |, n) consisting of the elec-
tronic basis |a) and photonic basis |n).

Because the moiré Dirac gap is on the order of meV, the
typical light frequency is far off-resonant for any electron tran-
sitions. The influence of an off-resonant light can be captured
in an effective static Hamiltonian, i.e., Hegr = %log(U ), in
which U = T exp (—i fOT H(r) dt) is the time evolution oper-
ator of the system over one period and 7T is the time-ordering
operator. In the limit of A% < 1, it has been shown that Hg

has the following form: !
H_\,H
Hcff =~ H() + [;271] +0 (.A4)
~ A V2 A?
~ v(Tocke + oyky) + 561+n176z, (8)

with H, being the discrete Fourier component of the Hamil-
tonian, i.e., H, = %fOTH(t)eitQ" drand v = @Lto being the

effective velocity of moiré Dirac electrons, k, and k, being
momenta measured away from the moiré Dirac points, and o;
being the Pauli matrix acting on the moiré sublattice degree
of freedom. Contrary to the staggered potential term (the sec-
ond term), the light-induced mass term (the third term) has
opposite signs for the two valleys. This effective Hamiltonian
resembles the one proposed by Haldane with a topologically

~2 12
i veA
nontrivial mass 175

and an additional topologically trivial
sublattice potential A /2. We note that the mass terms induced
by the circularly polarized light have opposite signs for the two
original valleys £K.

107
ka/L

Fig. 5. Evolution of the band structure of an effective static Hamilto-
nian (n = 1) at K (a) and —K (b) valleys with increasing the light driv-
ing strength, A = Ao /v/2 (left), A = Ay (middle), A = v/2.Ay (right).
Other parameters used are A = 3.845 meV, Q2 = 8.0¢g, 1o = 2.37 meV.
Figure 5 shows the evolution of energy spectrum with the
increase of the strength of the applied light for the two moiré
valleys. We find that the circularly polarized light breaks the
degeneracy of the two moiré valleys and leads to qualitatively
different gap evolution behavior. In particular, the energy gap
of K valley increases monotonically, while the one at —K val-
ley decreases monotonically first, then closes at the critical
value A = Ag = \/AQ/2/v, and finally reopens. The gap
evolution behavior at —K valley reminds us of a topological
phase transition. We then calculate the Berry curvature of the
two moiré valleys under light driving before and after the topo-
logical phase transition [c.f. Figs. 6(b) and 6(c)], and compare
them with those without light driving [c.f. Fig. 6(a)]. We find
that after driving, the Berry curvatures of the two moiré valleys
no longer have time reversal symmetry. In particular, the Berry
curvatures of the K valley before and after the phase transition
are both negative, and their magnitudes decrease with the in-
crease of the light driving strength; While for the -K valley,
the Berry curvature changes from positive value to negative
one after the phase transition. After integrating the Berry cur-
vature at each valley, we find that the Chern number is changed
from 0.5 to —0.5 at —K valley. In contrast, the calculated
Chern number is always —0.5 at K valley independent of the
light strength. In total, the Chern number of the whole moiré
system is then changed from O to —1 through a light-induced
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topological phase transition, which means that the strong light-
driving moiré system is in the quantum anomalous Hall phase.
When changing the circulation of the polarized light (n = —1),
the energy gap at the K valley first closes and then reopens, in
which the Chern number is changed from —0.5 to 0.5. The
total Chern number is then changed from O to 1.
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Fig. 6. Distribution of Berry curvature in the conduction band around
the K (left) and —K (right) valleys. (a) Without light driving. (b) With
A=A/ V2. (¢) With A = v/2Ay. The calculated Chern numbers are
C. = —0.5 for K valley and C, = 0.5 for —K valley in (a) and (b), and
C. = —0.5 for both K and —K valleys in (c). The parameters are the
same as those in Fig. 5.

To further study the light-induced topological phase in the
moiré Dirac system, we construct an effective Haldane model
to study the in-gap edge states. The effective TB Hamiltonian
reads "]

H=rt chcﬂ—tz Z eii¢c;rcj+28,~c;rcj, 9

() (@) i

where (i, j) denotes the nearest-neighbor hopping, and ((i, j))
denotes the next nearest-neighbor hopping, with #; and ¢, being
their corresponding hopping strengths. We use the convention
that the next nearest-neighbor hoppings in a clockwise direc-
tion have an extra —¢ phase while the ones in the counter-
clockwise direction have +¢ phase [c.f. Fig. 7(a)]. The corre-
spondence between the effective Hamiltonian Eq. (8) and TB
Hamiltonian Eq. (9) leads to the following relation: #; = fo,
f= =2 and ¢ = /2.

Without light driving, the bulk states in a zigzag nanorib-
bon geometry at the two valleys are symmetric and connected
by two trivial flat bands [c.f. Fig. 3(d)]. Upon driving, the
two valleys become asymmetric due to the breaking of time
reversal symmetry and the bulk gap of the -K valley closes
at the topological phase transition point [c.f. Fig. 7(b)]. In-
terestingly, when further increasing the light driving strength,
the gap reopens and a pair of chiral edge states appear in the

bulk gap [c.f. Fig. 7(c)]. These edge states distribute at op-
posite boundaries and propagate in opposite directions [c.f.
Fig. 7(d)].
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Fig. 7. (a) Schematic of a honeycomb lattice with nearest-neighbor
hopping #; and next nearest-neighbor hopping 7, with a phase ¢ = /2.
(b) Energy spectrum of a zigzag nanoribbon with light driving strength
A= Ap. (c) The same as (b) with A = v/2A4y. (d) Distribution of
wavefunction of the two in-gap states shown in (c). The parameters are
the same as those in Fig. 5.

4. Conclusions

We have revealed moiré Dirac fermions with tunable large
Berry curvature in a moiré superlattice of TMD heterobilayer.
These novel Dirac fermions are formed by the moiré potential
with two nearly degenerate local maxima. By applying on-site
potential on the two outmost zigzag edges of the moiré lattice,
we can tune the gapped flat-band edge states into the gapless
helical ones. In short-period moiré patterns, we find that the
two moiré valleys become asymmetric due to the triangular
wrapping effect, which produces a net spin Hall current. More
interestingly, a circularly polarized light can drive these topo-
logically trivial moiré Dirac fermions into a quantum anoma-
lous Hall phase. Our results open up a new possibility to study
the Dirac physics in two dimensions, with potential applica-
tions in constructing valleytronic devices in moiré scale.
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