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Abstract: Moiré superlattices are formed when overlaying two materials with a slight mismatch in twist angle or lattice con-
stant. They provide a novel platform for the study of strong electronic correlations and non-trivial band topology, where emer-
gent phenomena such as correlated insulating states, unconventional superconductivity, and quantum anomalous Hall effect
are discovered. In this review, we focus on the semiconducting transition metal dichalcogenides (TMDs) based moiré systems
that host intriguing flat-band physics. We first review the exfoliation methods of two-dimensional materials and the fabrica-
tion technique of their moiré structures. Secondly, we overview the progress of the optically excited moiré excitons, which
render the main discovery in the early experiments on TMD moiré systems. We then introduce the formation mechanism of flat
bands and their potential in the quantum simulation of the Hubbard model with tunable doping, degeneracies, and correla-
tion strength. Finally, we briefly discuss the challenges and future perspectives of this field.
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1. Introduction

A flat band is formed when the electronic bandwidth is
small and hence comparable or much smaller than the Cou-
lomb interactions between electrons. The first well-known
flat-band platform is the two-dimensional electron gases
(2DEG) under a vertical magnetic field, where the electronic
structure is quantized into discrete Landau levels (LLs)l. At
low enough temperatures, the LL hosts the perfect flat band
with its bandwidth solely determined by disorder broaden-
ing. The quenched kinetic energy promotes the effect of elec-
tron-electron interactions, giving rise to many exotic states
and competing orders in a partially filled LL, such as the frac-
tional quantum Hall effect? and non-Abelian states(3!.

In recent years, the rise of twisted bilayer graphene (TBG)
opens an entirely new avenue for exploring flat-band phys-
ics in moiré superlattices, without the need of applying extern-
al magnetic fields7-1"1, The flat band condition is fulfilled at
certain twist angles (the so-called magic angles) due to the
spatially varying interlayer hybridization (following the moiré
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periodicity) acting on the Dirac band structurel'2, Many in-
triguing phenomena including the unconventional supercon-
ductivityl® 13-14  correlated insulating states’. '3, and
quantum anomalous Hall effectl's: "7lhave been discovered
near the first magic angle (~1.05°), hence owing to the en-
hanced electronic correlations and notable nontrivial band to-
pology. In the past few years, tremendous attention is paid to
the moiré system constructed from different materials, such
as 2D semiconductors!' 18-23] insulators!24, and magnetic ma-
terials(25-27],

Compared to TBG, the semiconducting TMDs-based
moiré superlattices have several advantages. First, the flat
bands can be realized in more relaxed conditions, e.g., in a
much larger range of twist angles (typically smaller than
~4°-5°) for the twisted homobilayers28-30 This is partially
due to the initially large effective masses (~0.5m,, where m,
is the free electron mass) near the band edge of the TMD
monolayers. In contrast, the TBG has to be accurately near
the magic angle (typically within 0.1° error) to support strong
correlation effects, bringing inconvenience for sample pre-
paration. Second, the TMD monolayers feature strong spin-or-
bit coupling and a variety of material choices, which can
provide easy controllability on the degeneracy, lattice sym-
metry, and moiré potential landscapesB' 321, The interplay
between many degrees of freedom can potentially offer
much richer interaction effects and more exciting physics.
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Fig. 1. (Color online) Schematic illustration of the topics of this review, including the fabrication methods and several distinctive properties of the
twisted moiré materials®#-6l. ([4] Copyright 2018, American Physical Society. [5] Copyright 2018, American Physical Society. [6] Copyright 2021,

Nature Publishing Group (NPG).)

Third, some of the TMD materials are direct-bandgap semicon-
ductors and have strong light-matter interactions. Hence
many of the well-established optical methods (e.g., photolu-
minescence, reflection, and ultrafast spectroscopy) can be
readily utilized to probe the electronic correlations and study
the many-body effects in the TMD-based moiré superlattices.
Fourth, a tight-binding approximation on the superlattice is
demonstrated to be valid in describing the semiconducting
TMD moiré materials, rendering them more applicable for
studying the paradigmatic Hubbard model physicsPl. So even
started later than the study of TBG, the TMD moiré systems
have been able to attract a lot of attention both experiment-
ally and theoretically in the last few years('1, 18-23],

In this review, we focus on the fabrication and physical
properties, especially the flat-band-related physics, of the
TMD moiré systems (Fig. 1). We review the exfoliation of the
monolayer flakes and the preparation of the moiré superlat-
tice structures, followed by a brief introduction of moiré ex-
citons observed in the TMD moiré systems. We overview the
formation mechanism of flat bands and the consequential novel
phenomena under various conditions, such as correlated insu-
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lating states at fractional fillings in the strong correlation lim-
it, the Pomeranchuk effect at the intermediate electronic
correlation strength, and the quantum anomalous Hall effect
when the non-trivial topology is further included. The chal-
lenges and future perspectives of this field are discussed at
the end of this review.

2. Exfoliation of TMD and other 2D materials

There are two main different strategies for obtaining 2D
materials. One is called the “bottom-up” strategy, which is rep-
resented by chemical vapor deposition (CVD) and molecular
beam epitaxy (MBE). These sorts of methods can produce uni-
form materials at wafer scale and are therefore considered su-
perior in obtaining large-area 2D crystals, but they often host
strong coupling to the substrates(33-36], Therefore, further com-
plicated isolation and transfer skill are needed which may af-
fect the intrinsic properties of 2D materials. In recent years,
mechanical stacking of CVD-grown 2D materials has become
an important technology for fabricating twisted van der
Waals heterostructures at large scalesB’. However, the MBE-
grown 2D materials usually have strong coupling with sub-
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Fig. 2. (Color online) Mechanism of Au-film-assisted exfoliation technology and some examples of exfoliated 2D crystals. (a) Part of the periodic ta-

ble, showing the elements involved in most 2D materials between groups 4 (IVB) and 17 (VIIA). Most of the layered crystals are composed of the

elements with pink and green colors, which have strong interaction with Au. (b) Schematic of the interaction mechanism between layered crys-

tal and Au. Once the interface interaction energy is larger than the interlayer interaction, monolayer flakes can be exfoliated. (c) Schematic illustra-

tion of the Au-film-assisted exfoliation process. (d) Optical images of large exfoliated 2D flakes!®%, Copyright 2022, Nature Publishing Group

(NPG).

strates, which makes it difficult to prepare heterostructures
with clean interface.

The other strategy is called “top-down”, which is represen-
ted by mechanical exfoliation. After the first isolation of
graphene, mechanical exfoliation has been widely used for
preparing 2D crystals and their van der Waals heterostruc-
tures38-411, The high quality of these exfoliated 2D materials
is the prerequisite for studying their intrinsic properties. As
the most widely used method for preparing 2D crystals, exfoli-
ation technology has made rapid progress over the past few
years. Therefore, we will first review the mechanism and pro-
gresses of this “top-down” strategy before discussing the
new phenomena in twisted TMD heterostructures.

The relevant interfacial interactions between 2D crystals
and substrates are the primary parameter which need to be
considered. The van der Waals force, affected by the contact
distance and the dipole moment of the atoms, is the com-
mon interlayer interaction for most layered crystals and the in-
terfacial interaction with a substrate. Once the interaction
between the substrate and the outermost contacted layer ex-
ceeds the interlayer interaction in the crystal, monolayer
flakes can be exfoliated from the bulk crystals. Therefore, re-
duction of the separation from the substrate and improve-
ment of the dipolar interaction are the keys to enhance the ex-
foliation yield and flake size.

The cleanliness of the surface is an important factor that
limits the exfoliation efficiency. Since most exfoliation is car-
ried out in air, the extra molecules would be absorbed on the
substrate and crystal surfaces. In this case, the contact dis-
tance between the layered crystal and the substrate will in-
crease, resulting in the reduction of the interfacial van der

Waals interaction. This issue is reported to be addressed
through an oxygen plasma enhanced exfoliation method,
which has been successfully used for yielding large-area (milli-
meter size) flakes of graphene and of the high-temperature
superconductor Bi-22122 431, The exfoliated large-area flakes
bring great convenience to the preparation of heterojunc-
tions by the tear-rotate-stack method.

The atomic structures of TMD materials (MoS,, WSe,, etc.)
are different from graphene, with several atomic layers in the
unit cell. For TMD crystals, the interfacial interaction between
2D crystal and substrate is mostly governed by the outer-
most atoms. Although oxygen plasma-enhanced exfoliation
shows obvious improvement for graphene and Bi-2212, this
method does not readily yield large-area MoS, since the di-
polar interaction between sulfur atoms in MoS, and oxygen
atoms in SiO, is weak. Several groups have tried different
ways to optimize the mechanical exfoliation of TMDsM4-461, A
universal exfoliation method using ultrathin gold adhesion lay-
ers was discovered in recent years, which shows great poten-
tial for preparing macroscopic scale 2D materials (millimeter
to centimeter size, Fig. 2). More than 40 kinds of layered mater-
ials were exfoliated to monolayers, including TMDs, black phos-
phorus, FeSe, Ga$, etc.#”), For these layered crystals which con-
tain the main group (group V, VI, VIl) non-metals at the outer-
most layer, the interaction with the Au atom is larger than
the interlayer van der Waals interaction, as confirmed by calcu-
lations and experimental results. This gold-enhanced exfoli-
ation method can be used in the preparation of suspended
2D materials*®, and twisted van der Waals heterostructures
by transfer and stacking#9!.

Though the Au-enhanced exfoliation technique provides

XY Huang et al.: Recent progress on fabrication and flat-band physics in 2D transition metal ......
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(a)

Fig. 3. (Color online) Ag-assisted exfoliation procedures and optical images of exfoliated samples. (a) Schematic illustration of the exfoliation pro-
cedures. (b) Exfoliated macroscopic MoS, and WS, on 15 nm Ag film supported by SiO,/Si substrates, and bulk crystals on PDMS tapes. (c) Exfoli-
ated macroscopic MoS, supported by sapphire substrates. (d) Exfoliated MoS, supported by elastic PET substrates. (e) Exfoliated MoS, on
Ag/epoxy/glass slide substrate. (f) Optical microscope images of some 2D crystals exfoliated on 15 nm Ag film, including MoS,, WS,, 1T-WTe,,
and BP. (g) Optical microscope images of exfoliated millimeter size 2D crystals on 5 nm Ag film, including ReSe,, Fe;GeTe,, FeSe, and TaS,. (h, i) Op-
tical microscope images of exfoliated millimeter size MoS, on sapphire substrate and TS Ag, respectively. (j) Optical microscope and PL mapping
images of exfoliated monolayer WS, on 15 nm Ag film with hole array, the scale bars in the two images are 40 and 20 um, respectivelys'l. Copy-

right 2022, Wiley Online Library.

an effective strategy for the preparation of large-scale 2D crys-
tals, the high cost of gold hinders the widespread adoption
of this technology. In addition, direct Au-TMD contact can sig-
nificantly quench the photoluminescence (PL) emission in 2D
semiconductors. It is therefore crucial to find alternative
metals that can replace gold to achieve efficient exfoliation
of 2D materials. Recently, a new one-step Ag-assisted meth-
od was reported>!], where the yield is comparable to the Au-
enhanced exfoliation method (Fig. 3). In addition to the yield,
the surface roughness of the Ag films on SiO,/Si substrate facil-
itates the generation of surface plasmons. Meanwhile, the

strong coupling between 2D semiconductor crystals (e.g.
MoS,, MoSe,) and Ag film leads to a unique PL enhancement
which could be mainly attributed to the strong light-matter in-
teraction as a result of extended propagation of surface plas-
monic polariton (SPP). This Ag-assisted exfoliation method
provides a lower-cost way to prepare large-area monolayer TM-
Ds, which is also helpful for modulating SPP-matter interac-
tions.

2D materials are highly sensitive to substrates, interfaces
and the surrounding environments. Suspended 2D materials
are free from substrate-induced effects, thus providing an

XY Huang et al.: Recent progress on fabrication and flat-band physics in 2D transition metal ......



0, plasma

graphite ——o=—

-

Journal of Semiconductors doi: 10.1088/1674-4926/44/1/011901 5

g

Monolayer WSe,

Fig. 4. (Color online) Fabrication process and characterization of suspended 2D materials. (a) Schematic images for preparing suspended
samples. (b-d) Optical images of exfoliated graphene, MoS, and WSe, on different patterned substrates, including rectangle, Hall bar and circu-
lar hole structures. (e) PL mapping image of suspended monolayer WSe,!8l, Copyright 2022, Wiley Online Library.
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Fig. 5. (Color online) Tear-rotate-stack method for fabricating 2D twisted heterostructure. (a) Schematic of cutting the 2D materials with femto-
second laser to get the straight edge for twist angle referencel®4. Copyright 2016, Wiley Online Library. (b) Preparing the twisted bilayer
graphene with desired twist angle using the tear-rotate-stack method®3\. Copyright 2017, National Academy of Sciences (NAS). (c) The tear-ro-
tate-stack method to fabricate the twisted MoS, homostructures from the as-grown wafer MoS, monolayer. (d) Optical image of 30° twisted bilay-

er MoS,5%., Copyright 2020, Nature Publishing Group (NPG).

ideal approach to study their intrinsic properties. However, it
is very challenging to prepare large-area suspended 2D materi-
als with high efficiency. Recently, large-area suspended
mono- and few-layer 2D materials were prepared on pretreat-
ments of densely patterned hole array substrates with either

oxygen-plasma or gold film deposition (Fig. 4)18. Multiple
structural, optical, and electrical characterization methods
were used to fully evaluate the improved performance of vari-
ous suspended 2D layers. For example, new low frequency Ra-
man modes were observed on suspended MoS,, with en-

XY Huang et al.: Recent progress on fabrication and flat-band physics in 2D transition metal ......



6 Journal of Semiconductors doi: 10.1088/1674-4926/44/1/011901

hanced PL and second harmonic generation (SHG) signals
were also discovered on suspended WS, and WSe,P2. This
work provides an innovative and efficient route for fabricat-
ing suspended 2D materials, which will be broadly used for
studying intrinsic properties of 2D materials and in applica-
tions of hybrid active nanophotonic and electronic devices.

Several different ways can be used to assemble moiré su-
perlattices after preparing 2D materials by exfoliation or CVD
methods. Tear-rotate-stack is the commonly used assem-
bling technique to prepare twisted homobilayers with a de-
signed twist anglel53], Fig. 5(b) present the fabrication pro-
cess. First, a hemispherical handle substrate is fabricated
from a small epoxy or polydimethylsiloxane (PDMS) droplet de-
posited onto a transparent base substrate. The contact area
between the handle substrate and the 2D flake is determ-
ined by the hemisphere radius and contact force. The hemi-
sphere can be coated with a polymer, such as poly(methyl
methacrylate) (PMMA), poly(vinyl alcohol) (PVA), or polypropyl-
ene carbonate (PPC) to enhance the adhesion with 2D flake.
The small-angle-twisted samples are fabricated by sequential
pick-up steps using the hemispherical handle substrate. This
step allows an individual flake to be detached from a sub-
strate while leaving flakes in its immediate proximity intact.
For example, one can start with a single graphene flake and
split it into two separate parts to prepare twisted bilayer
graphene. The separated flakes are then sequentially picked
up by an h-BN flake attached to the hemispherical handle.
Between the first and the second graphene flake pick-up, the
substrate is rotated by a small angle that can be controlled to
0.1° accuracy. Since the two pieces of graphene are separ-
ated from the same crystal, they have crystal axes that are
aligned at the onset. The substrate rotation yields a con-
trolled twist between the two graphene layers and forms a
moiré crystal.

Several different ways have been developed to optimize
the tear-rotate-stack process. For example, an ultra-fast femto-
second laser was applied to cut the monolayer graphene in-
to different pieces with straight and parallel edgesl>4. There-
fore, the edges can be used as the reference for controlling
the twist angle (Fig. 5(a)). The wafer-scale CVD-grown 2D ma-
terials, combined with the tear-rotate-stack method, can
lead to the large-area production of the twisted heterostruc-
tures®®l, For example, monolayer CVD-grown MoS, film was
used for preparing twisted MoS, homostructures with pre-
cise control of twist angle (see Figs. 5(c) and 5(d)). This tear-ro-
tate-stack technique makes full use of large-area 2D materi-
als fabrication and convenient transfer techniquel®), which
will promote the industrial application of the 2D twisted mater-
ials.

3. Moiré excitons in stacked TMD

In this section, we briefly introduce the experimental ob-
servations and theoretical developments of the optically ex-
cited moiré excitons in TMD moiré systems!['8-21],

Optical spectra of isolated TMD monolayers are mostly
dominated by the resonance of excitons, the Coulomb-bon-
ded electron-hole pairs. When two TMD monolayers are over-
laid with a small angle or lattice mismatch, new optical reson-
ances beyond the fundamental excitons are expected under
the existence of the periodic moiré potentiall>’: 581, In 2019, ex-

perimental evidence of moiré excitons is reported by differ-
ent groups, manifesting as multiple peaks in the photolumines-
cence or reflection spectra in WSe,/WS,, WSe,/MoSe,, and
WS,/MoSe, moiré bilayers!5-611, They are attributed to the in-
terlayer, intralayer or layer-hybridized excitons that are
trapped in different sites of the moiré supercell or confined
within the moiré potential. Subsequent experiments have
also reported the observation of the so-called moiré trions(62,
the bound states of moiré excitons with extra charges.

In addition to the optical spectroscopic measurements,
the reconstruction of the moiré exciton wavefunctions in real
and momentum space is further revealed by angle-resolved
photoemission spectroscopy!®3], scanning transmission elec-
tron microscopy® and femtosecond photoemission mo-
mentum microscopy!®s], where the real-space wavefunction
confinement and dynamics of the excitons are directly
probed. Recent theoretical calculations on moiré excitons
have also proposed a novel intralayer charge-transfer ex-
citon configuration!®,

4. Flat bands in TMD moiré superlattice

A simplified picture to understand the formation of flat
bands in the TMD moiré systems is illustrated in Figs. 6(a)
and 6(b). We draw here the energy dispersion for the 1D lat-
tice (with lattice constant a) under the nearly free electron ap-
proximation. When there is another superimposed periodic po-
tential with a much larger wavelength (M), a reduced mini-Bril-
louin zone with boundaries at £m/A is produced according to
the Bloch’s theorem. The lowest band naturally becomes nar-
rower with the bandwidth W approximately proportional to
1/A2. The moiré subband formation in TMD moiré systems
have a similar process. The presence of the moiré potential
(with wavelength A = a/60 at small twist angles 6) can help cre-
ate much narrower moiré subbands at low energies, with the
bandwidth W typically about a few meV or slightly larger
(when the moiré wavelength A > ~8 nm), comparable to the
flat bands formed in magic-angle TBG. On the other hand,
the on-site Coulomb repulsion energy U (~100 meV for A =
~8 nm) characterizes electron-electron interactions is determ-
ined by the Wannier orbital size and typically decreases as a
fashion slower than 1/A. Hence the correlation strength U/W
can increase drastically with increasing A or decreasing twist
angle 6, rendering an effective way to control the correlation
effects in the system.

In reality, the depth of the moiré potential formed due to
lattice deformation can be as large as ~100 meV. A tight-bind-
ing description is more appropriate to describe the system. In
2018, Wu et all®! first suggested the low-energy Hamiltonian
of a TMD heterobilayer can be mapped into the single-band
Hubbard model of the triangular lattice, which has been sub-
jected to extensive investigations to understand the strongly
correlated electrons with geometric frustration. Such Hub-
bard model captures the essence of the flat-band physics in
the TMD moiré superlattices, where Coulomb interactions
play important roles. While the exact solution of the Hub-
bard model in two or three dimensions is far beyond the cap-
ability of present computational approaches, quantum simula-
tion of the model becomes an alternative. The high controllab-
ility (such as doping, moiré potential depth, periodicity, etc.)
of the TMDs moiré structure makes it a versatile toolbox in

XY Huang et al.: Recent progress on fabrication and flat-band physics in 2D transition metal ......
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bandwidth tuned by A. (b) Typical band alignment of angle-aligned heterobilayers and AB stacked homobilayers with SU(2) and SU(4) symmetry,
respectively. (c) Schematic illustration of the inter-site hopping term t, on-site Coulomb repulsion U, and inter-site Coulomb repulsion V.

(d) Quantum phase diagram of the half-filled triangular lattice.

the quantum simulation of the Hubbard model, as well as the
Kane-Mele model which further involves the non-trivial band
tOpOlOgy[S' 29,67, 68]_

5. Quantum simulation of the Hubbard model

For angle-aligned TMD heterobilayers (such as
WSe,/WS,) with type Il band alignment as schematically illus-
trated in the left panel of Fig. 6(b), there is only spin/valley de-
generacy for the first moiré conduction/valence subband (in
black) with only twofold degeneracy. The system is well de-
scribed by the single-band Hubbard model under SU(2) sym-
metry. On the right side of Fig. 6(b), for the AB-stacked ho-
mobilayers with layer symmetry and spin-forbidden interlay-
er hoping, a bilayer Hubbard model with SU(4) symmetry can
also be realized.

Two main parameters of the Hubbard model involve the
inter-site hopping term t (a fraction of the bandwidth W), and
the on-site Coulomb repulsion U as schematically presented
in Fig. 6(c). In the 2D materials with much reduced dielectric
screening, the inter-site Coulomb repulsion V could also play
important roles and is taken into consideration by the exten-
ded Hubbard model. Fig. 6(d) briefly illustrates the generally
accepted quantum phase diagram of the triangular lattice
with a half-filled lowest-energy band%9-74, The correlation
strength could be simply evaluated by the ratio of U/W (or
U/t). In the small U/W limit, the system follows the typical char-
acteristic of Fermi liquids with a weak correlation effect mani-
festing a renormalized effective mass. As the ratio becomes lar-
ger, the system turns into a strong correlation regime, be-
comes a non-magnetic Mott insulator (could possibly host-
ing the exotic quantum spin liquid phase) after crossing the
metal-insulator transition (MIT) point, and finally falls into a
120° Néel ordered magnetic ground state.

Experimental evidence of strong correlation in the large
U/W limit is first reported in angle aligned WSe,/WS, (with
moiré periodicity A = 8 nm) heterobilayers, which renders an

experimental manifestation of the single-band Hubbard mod-
el75. 761, The Mott insulating state observed at half filling, cor-
responding to the moiré filling factor v = 1 (one charge per
moiré site), arises from the strong on-site Coulomb repul-
sions that tend to localize the charges on each sitel28 75-771,
Correlated insulating states are also discovered at v=1/3 and
2/3 where the electronic interaction is dominated by the
inter-site Coulomb repulsion at v < 1, corresponding to the
U > V> W condition in the extended Hubbard model. Sub-
sequently, an abundance of correlated insulating states at frac-
tional fillings is further revealed through the Rydberg sens-
ing techniquel’8l, As shown in Fig. 7(a), moiré band insulat-
ing states (|| = 2), Mott insulating states (|v| = 1) and charge-
ordered states (|| = 1/7, 1/4, 1/3, 2/5, 1/2...) on both the elec-
tron-doped (gate voltage Vg > 0 V) and hole-doped (V; < 0 V)
sides are clearly observed in the optical reflectance contrast
spectra of the Rydberg sensor. As illustrated in Fig. 7(b), the
charge carriers can spontaneously arrange themselves in com-
mensurate configurations (at fractional fillings) on the moiré
superlattices to minimize the total Coulomb energy, destroy-
ing the translational symmetry of the superlattice and form-
ing the so-called generalized Wigner crystals (or charge dens-
ity wave). At some filling factors such as the 1/2 and 2/5
states, the electronic orders break the rotational symmetry
and form the stripe phases, which are then verified by the op-
tical birefringence measurement’?l, These correlated insulat-
ing states have also been detected by quantum capacitance
measurement®Y, scanning microwave impedance micro-
scopy®, and photoluminescence spectroscopy!®?, while
their real-space charge configuration is imaged by the scan-
ning tunneling microscopy under the assistance of a
graphene sensing layerfs3],

Apart from the SU(2) single-band Hubbard model dis-
cussed above, the simulation of a bilayer SU(4) Hubbard mod-
el in the strong correlation limit could also be realized in a
TMD moiré system such as the near 60° twisted WSe, (t-

XY Huang et al.: Recent progress on fabrication and flat-band physics in 2D transition metal ......
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Fig. 7. (Color online) Simulation of Hubbard model in the strong correlation limit. (a) Rydberg sensing of the abundant correlated insulating
states in WSe,/WS, described by a single-band extended Hubbard model with SU(2) symmetry. (b) Charge configuration at several typical fillings
in (a)78. (c) Electric-field-controlled layer polarization of t-WSe, (mapped to a SU(4) bilayer Hubbard model) probed by the moiré exciton reson-
ance. The dashed line denotes the boundary of fully polarized states (|P| = 1, in blue). (d) Doping dependence of MCD (proportional to sample
magnetization) with P= 0 (blue) and P= 1 (black)!84. The vanishing magnetization at v= 2, P= 1 is related to the formation of antiferromagnetic
order. (e) Charge/spin configuration of an excitonic insulator and an antiferromagnetic insulator in AB-stacked t-WSe,.

WSe,)84 851, Since the single-particle interlayer tunneling is
spin-forbidden in AB stacked homobilayers, the layer degree
of freedom (layer pseudospin) in this limit is well preserved.
The spin and layer degrees of freedom could be addressed
via applying a perpendicular magnetic and electric field, re-
spectively. As shown in Fig. 7(c), the layer polarization P ( =
(vi—w)/(vi+w,), with v, and v, denoting the charge densities
on the top and bottom layers) is mapped as a function of
filling factor v and electric field E by the reflection contrast of
the moiré exciton. The blue and red regions correspond to lay-
er polarization |P| = 1 and |P| < 1 separated by the critical
field E. highlighted with the dashed line. At filling factor v=1
and |P| < 1, the holes in one layer are bound to the empty
moiré sites in the other layer to minimize the interlayer Cou-
lomb repulsion, forming an excitonic insulator configuration
(Fig. 7(e)). The magnetization of the sample is characterized
through magnetic circular dichroism (MCD) measurements.
The doping-d