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ABSTRACT: Quantum materials have attracted much attention
in recent years due to their exotic and incredible properties.
Among them, van der Waals materials stand out due to their weak
interlayer coupling, providing easy access to manipulating
electrical and optical properties. Many fascinating electrical,
optical, and magnetic properties have been reported in the
moiré superlattices, such as unconventional superconductivity,
photonic dispersion engineering, and ferromagnetism. In this
review, we summarize the methods to prepare moiré superlattices
in the van der Waals materials and focus on the current discoveries
of moiré pattern-modified electrical properties, recent findings of
atomic reconstruction, as well as some possible future directions
in this field.
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INTRODUCTION

van der Waals (vdW) materials, including graphene, hexagonal
boron nitride (hBN), and transition metal dichalcogenides
(TMDCs), have been studied extensively during the past 10
years.' ' Many applications have emerged in recent
years.">~'7 Although a different periodicity, e.g, moiré pattern
or moiré superlattice, was observed in a bilayer graphene

Understanding the physics behind the emergent properties
driven by the formation of moiré patterns in 2D materials is
both of scientific interest and application importance. In this
review, we will summarize the methods to produce moiré
patterns in 2D materials,””~** identify the twisted angles,”*~**
the current discoveries of electrical properties modified by

.z -z : 45—48 .
moiré pattern, such as moiré excitons, superconductiv-

18 ity,”*>* and ferromagnetism,”” current findings of atomic
system in 2013, few works have focused on the properties D4 e Jerromag ) &
reconstruction,”™” ">7°" as well as some possible future

associated with moiré patterns until recently, where strongly
correlated regimes have been discovered with such perio-
dicity,"*~** leading to some emergent and intri§uing propet-
ties, such as unconventional superconductivity, 3 topological
conducting channels,”*™*® and exceptional optoelectronic
behaviors.”*"**

Here, we focus on the moiré patterns in which a large
periodicity appears. The superposition of two similar layers will
give rise to a different periodicity, e.g., moiré pattern or moiré
superlattice. The difference in lattice constants,”® translational
shifts,"®*” or the twisted angles*>*°~** between two layers
can change the periodicity of the moireé superlattice. Recently,
Mason et al. even found that a moiré superlattice can form
when assembling 2D materials on top of periodic dielectric
substrates.” ™’

Despite the rigid model assumption used for most
discoveries, recent findings show that atomic reconstruction
is important at small twisted angles and can alternatively
explain some emergent phenomena.25’3l’32’38
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directions in this field.

HOW TO PREPARE MOIRE PATTERN SAMPLES

In this section, we will introduce the existing stacking
configurations dependin§ on twisted angles in the case of
graphene and TMDC'®" and present the ways to realize a
moiré superlattice with graphene and TMDCs to characterize
its twisted angles. The methods to prepare moiré patterns
include the vdW transfer technique,*””" the plasmon-enhanced
chemical vapor deposition (PE-CVD) method,*” and imple-
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Figure 1. Characterization of the moiré pattern in vdW materials. (a) Schematics of twisted bilayer graphene (TBG) (left) before and (right)
after the atomic reconstruction, with arrows representing rotational modulation.>> Adapted with permission from ref 32. Copyright 2019
Springer Nature. (b) Energy potential depending on stacking orders SP, AB (BA), and AA.'"® Adapted with permission from ref 18.
Copyright 2013 Proceedings of the National Academy of Sciences. (c) Dark-field transmission electron microscopy images obtained by
selecting the graphene diffraction peak (g = 1010) in TBG with various twisted angles. The alternating contrast of triangular domains is
associated with the antisymmetric shift of the lattice period in AB and BA domains.>> (d—f) Observation of atomic reconstruction in MoSe,/
WSe, heterostructures. (d) Diagram for the 0° + § (R-type) and 60° + 6 (H-type) heterostructure. The atomic registry for AB, BA, and
ABBA stackings is labeled in green, yellow, and red circles and illustrated in the side view, respectively. (e) Stacking energy as a function of
stacking orders along the red line labeled in (d). AB, BA, and ABBA structures are the global minima, which suggests that the structure will
reconstruct to maximize the area of AB, BA, and ABBA domains. (f) Conductive AFM image of a 0.4° R-type and 0.6° H-type
heterostructure showing alternating triangular domains of different conductivity and hexagonal domains with the same conductivity
separated by domain boundaries of different conductivity, respectively.’’ Adapted from ref 31. Copyright 2020 American Chemical Society.
(g) Nlustration of the vdW assembly process to fabricate encapsulated twisted Gr/hBN device by hBN.* Adapted with permission from ref
40. Copyright 2019 AAAS. (h) Schematic of the PE-CVD method to prepare moiré pattern with graphene.*> Adapted with permission from
ref 42. Copyright 2020 Elsevier. (i) Structure of the graphene on nanosphere systems. Top panel: schematic showing graphene deposited on
monolayer hcp-SiO, nanospheres (NS). Bottom panel: cross-sectional bright-field scanning transmission electron microscopy image of
graphene on 20 nm NSs (blue dashed line).>* Adapted from ref 36. Copyright 2018 American Chemical Society. (j) Ilustration of the two
individual moiré patterns and supermoiré patterns for three overlapping hexagonal lattices.*’ (k) (Top) Schematic illustration for the vector

superposition of the second harmonic (SH) electric fields, where E, (@) is the electric field of the fundamental light, E,(20) [ E, (2w)] is the

SH electric field from the flake 1 (flake 2), and Eg(2w) is the resulting SH electric field from the stacking region. (Bottom) Schematics for
stacked bilayers with an arbitrary stacking angle 6, @ = 0°, and 6 = 60° (or @ = 180°).** Adapted from ref 44. Copyright 2014 American
Chemical Society. (I) Characterization of twisted angle by metallic line on the substrate and hemispherical handle.*> Adapted with
permission from ref 43. Copyright 2017 Proceedings of the National Academy of Sciences.

mentation of the periodic substrates.*®*”*** The twisted graphene with a small twisted angle (up to 0.8°) experienced

angles of different moiré superlattices can be characterized by atomic reconstruction (Figure 1c), leading to changes in lattice
diverse optical ways.***~** symmetry and electronic structure.*” Similar to TBG, different
This emerging field of graphene research is expanded by the stacking configurations also exist in TMDC bilayers. In

idea to stack a second layer of graphene on an existing MoSe,/WSe, heterostructures, Rosenberger et al. observed
graphene with a twisted angle, ie., twisted bilayer graphene two energetically degenerate commensurate configurations
(TBG). By varying twisted angles, a moiré superlattice with (AB and BA) in R-type stacking (0° + &) but only one
different periods due to different stacking orders can form in energetically favorable lattice arrangement (ABBA) for H-type
the TBG, as shown in Figure la. There are energetically stacking (60° + &) (Figure 1d,e).”' They also found alternating
favorable AB and BA Bernal stacking orders and unfavorable triangular domains with different conductivity and hexagonal
AA stacking order (Figure 1b) connected by a saddle point domains with the same conductivity separated by domain
(SP). SP has an energy of 2.1 meV/atom, 10 times lower than boundaries of different conductivity in small-angle twisted R-
that of AA stacking.'® Kim et al. found that the bilayer type and H-type through conductive atomic force microscopy
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Figure 2. Signatures of moiré exciton in twisted 2D materials. (a) Reflection contrast spectrum of WS,/WSe, heterostructure with near-zero
twist angle (light blue, top) and a large twist angle (black, bottom).*” Reprinted with permission from ref 47. Copyright 2019 Springer
Nature. (b) Sketch of the trilayer heterostructure with bilayer MoSe, on top of monolayer WSe, (top).®" The total valley-selective splitting of
the interlayer transitions (A) for each IX species and spin-configuration as a function of the magnetic field (B,).*' IX™, IX®, IX™, and IX®
represent excitons from spin-singlet (s) and spin-triplet (t) optical transitions with H- or R-type.®' Reprinted with permission from ref 61.
Copyright 2020 Springer Nature. (c) (Left panel) Excitation density-dependent PL spectrum of 1D moiré exciton.’” (Right panel) Possible
origin of each exciton shown in the left panel.’” Reprinted with permission from ref 62. Copyright 2019 Springer Nature. (d) Circularly
polarized photoluminescence (PL) spectrum performed at 15 K for 6* excitation from MoSe,/WSe, heterobilayer with 1° twist angle (upper
panel, left).*® The degree of circular polarization as a function of the emission wavelength obtained from the PL spectra (lower panel, left).*®
Simulated optical conductivity of interlayer excitons in the K valley in response to 6* (blue line) and 6~ (red line) polarized light (right).*’
Reprinted with permission from ref 46. Copyright 2019 Springer Nature. (e) Time-resolved PL emission of localized interlayer excitons and
biexcitons in MoSe,/WSe, heterobilayer.®> White arrows and dotted circles highlight the same spectral jittering patterns from IX1 (exciton
1) and IXX1 (excited state of exciton 1).°> Reprinted with permission from ref 63. Copyright 2020 Springer Nature. (f) Diffusion width (67
— 63) as a function of the pump—probe delay at 295 K for different twisted angles.** The blue and red lines are fits considering the repulsive
interaction between the interlayer excitons.”> The interlayer exciton transport in the heterobilayers is also compared with the exciton
diffusion in 1L-WSe, and 1L-WS,** along with the linear fits (black and gray lines). Reprinted with permission from ref 45. Copyright 2020
Springer Nature.

(CAFM) (Figure 1f), respectively. They attributed different fabricate the encapsulated structure or on a thin SiN
domain shapes to the atomic reconstruction originated from a membrane for transmission electron microscopy (TEM)
tendency of the system to stay in a lower overall energy state. research. Recently, Zhu et al. developed an advanced
The essential process in the twisted field is to prepare and mechanical way to achieve large-area and high-quality
realize precise angle control between layers. The most popular monolayer vdW materials using an atomically flat gold tape.*'
way to prepare moiré patterns is called the vdW transfer In addition to mechanical exfoliation, CVD growth is an
technique.””>" This technique is based on the polymer alternative way to prepare moiré patterns. Chen et al.
transfer, mechanically exfoliating and stacking the thin succeeded to achieve millimeter-size twisted bilayer graphene
materials using polymer stamp. Many researchers have realized with a plasma-enhanced CVD (PE-CVD) method (Figure 1h)
some emerging properties in TBG devices” >’ and twisted on Cu foil directly.”” The CVD growth method has been
TMDCs with this vdW transfer method.””>>>* As shown in widely used to grow diverse 2D materials with large area which
Figure 1g, graphene or a TMDC monolayer can be prepared cannot be easily achieved by mechanical exfoliation.”*™*" In
by exfoliation or through CVD growth®” first. Then the hBN is addition, they found the twisted angle was affected by the
picked up from the prepared substrate at 70 °C by an adhesive partial pressure ratio between the flowing reactant gases CH,
polymer film (PPC)-coated polydimethylsiloxane (PDMS) and H,. Another way to prepare a moiré superlattice is through
stamp as a first layer and some part of graphene or TMDC transferring the 2D materials on the periodic substrates
successively lifted. After that, the remaining part of graphene or composed of nanospheres or micropatterns, as Zhang et al.
TMDC on the substrate is rotated at a controlled angle. Then reported (Figure 1i).°**7%
the remaining part of graphene or the TMDC is picked up Characterization of the twisted angles is as important. While
again with the PDMS stamp, constructing TBG or twisted many researchers measured the twisted angles using optical

TMDCs. This stack can be located onto another hBN layer to ways through the edge angle of each layer from microscopy
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images and SEM images (Figure lj),40 some groups used a
more efficient way by depositing the metallic ruler on the
substrate to measure the controlled twisted angle, as shown in
Figure 11.* However, sometimes the monolayer boundaries
were not quite clear in the images, greatly increasing the
uncertainty (~1°) in these two methods. In this case, more
accurate optical measurement techniques were combined to
investigate the twisted angles. The Raman spectroscopy,*”
which collected lots of data from many twisted samples with
the information on relative intensity ratio of different signature
modes as a function of twisted angles, was applied to decrease
the uncertainty of the measured twisted angles assisted by the
atomically resolved scanning tunneling microscopy (STM). In
addition, the second harmonic generation (SHG) techni-
que,**** which decouples the coherent superposition of SHG
signals from each monolayer, was widely used to determine the
crystallographic orientation of materials. The SHG signal
depends heavily on the polarization of the monolayer, and the
decoupled SHG signals from the top and bottom layers can
give the information on the stacking/twisted angle. Combining
Raman spectroscopy and SHG techniques (Figure 1k), the
uncertainty can be decreased (~0.01°),"**"*° essential for
understanding the emerging properties discovered in the
research.

MOIRE EXCITONS

The moiré excitons are the excitons trapped in the moire
potential minimum, given that their kinetic energy is less than
the moiré potential” They have different energy scales
compared with the normal intralayer or interlayer excitons for
2D materials. Experimentally, individual layers with Cj
symmet?r were usually chosen to study, such as MoSe, and
WSe,.*>*7** The moiré exciton would possess the same valley
polarization as the local atomic registry and have a uniform g-
factor across the sample.”* This feature distinguishes moiré
excitons from the defect-trapped excitons, where the potential
distribution is usually randomized.®* However, with high
incident laser power, the traps created by the moiré potential
can be filled up, and the emission will be broadened, similar to
the defect-trapped excitons.*>*”*** Therefore, in order to
study the moiré exciton, the incident power should be low.**

As discussed above, the moiré exciton is trapped locally.
Therefore, the first step is to know the location of the potential
minimum spatially. There are usually two types of potential
minimum points for TMD, which are called R-type or H-
type.**" Different alignment in the real space results in a
different alignment of the valleys in the reciprocal space,
changing the optical selection rules.”*® By combining multiple
optical techniques,®® the optical selection rules can be resolved
for the moiré excitons. Thus, the physical property associated
with each moiré exciton can be understood, such as spin-
angular momentum. However, the location of the conduction
band minimum after stacking remains elusive. For WSe, or
MoSe,, the valley is located in K or K’ point for individual
layers. However, when they were stacked together, Gillen et al.
suggested that the conduction band minimum move to another
valley due to the hybridization.””°*®” This is important
because the optical selection rule is associated with the specific
valleys.

After creating the moiré exciton, the next step would
naturally be either to manipulate it or to further understand the
exciton—exciton interaction at a high carrier density. The latter
one can be understood as creating an “advanced” moiré

5947

exciton state. This is interesting because it could provide a
suitable platform to study the many-body physics, such as
supersolids.”***%” However, in several studies, more than one
exciton showed up, with several or many sharp peaks even at
seemingly low intensity.***”*"*** The question now would
be whether it is from the interplay of the original lattice
potential and moiré potential, or it is affected by other factors,
like the strain or defect, and, most importantly, whether this
effect is linear or nonlinear. In other words, it is worth knowing
both the intrinsic properties of the moiré exciton and how it
would behave under external disturbance. In the following, we
briefly survey some of the representative studies.

As one of the initial experiments, Jin et al. observed the three
moiré excitons (labeled L, II, and III in Figure 2a, top) in the
WS,/WSe, heterostructure at 10 K.*” At a twisted angle larger
than 3°, these three peaks would completely disappear, with
only the A exciton of WSe, left (peak around 1.7 eV, Figure 2a,
bottom). The authors modeled the moiré potential as a
periodic potential in addition to the original effective
Hamiltonian and successfully reconstructed the transition
from the single peak to three peaks by setting the moire
potential from O to 25 meV. From the simulation and
experimental results, the moiré potential should be stronger at
small angles (<1°) in this system. On the other hand, both
gate-dependent reflection contrast spectrum and simulation
suggested that these three moiré excitons were localized
differently in the real space. Therefore, intrinsically, multiple
moiré excitons can appear in the PL spectrum at low laser
intensity but are associated with different spatial locations.

Experimentally, if we choose materials with a certain
symmetry, how the angular quasi-momentum of moiré exciton
is related to the original intra- or interlayer exciton is the key to
understand the moiré potential. In addition to the observation
of intralayer moiré excitons in WS,/WSe, heterobilayer,*” Jin
et al. identified the higher-energy interlayer moiré excitons with
helicity-resolved photoluminescence excitation (PLE).”® With
resonant pump—probe spectroscopy, the authors skillfully
inferred different quasi-angular momentum by comparing the
circular dichroic signal of the moiré interlayer excitons to the
known intralayer exciton. In particular, the moiré quasi-angular
momentum was determined for different interlayer moire
exciton states. Later on, with an uncommon trilayer sample
geometry, Brotons-Gisbert et al. observed a distinct interlayer
moiré exciton species (R-type) at lower energy (~1.26 eV) by
stacking a bilayer 2H-MoSe, on top of a monolayer WSe,
(Figure 2b, top).”' Due to the 180° rotation between the top
and bottom MoSe, layer, the spin and valley configuration was
reversed in the upper layer. This was confirmed by the
magneto-optical spectroscopy measurement (Figure 2b,
bottom), where the effective g-factors were distinct for these
two exciton regions across the sample, leading to different
energy splitting for R-type (between the upper layer of MoSe,
and WSe,) and H-type (between the bottom layer of MoSe,
and WSe,) configurations. In addition, the experimental results
(red and blue dot) for energy splitting under an external
magnetic field agreed well with the calculation based on the
assumption of the spin-valley configuration in each layer,
indicating that the spin and valley were still locked in this
three-layer system. Further study needs to be done to
determine the maximum number of layers to preserve this
locking effect.

In the following, we want to discuss three different
disturbance sources (domain reconstruction, band hybrid-

https://doi.org/10.1021/acsnano.0c10435
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Figure 3. Correlated insulating states and superconductivity. (a) Mini-Brillouin zone arises from displacement of K wavevectors in two layers
of tBLG.>” (b—d) Illustration of the effect of interlayer hybridization for hybridization energy 2w = 0 (b), 2w < Avgky (), and 2w & hvgky
(d) in tBLG, where 2w is hybridization energy and Ak, is kinetic energy.”” Adapted with permission from ref 22. Copyright 2018 Springer
Nature. (e) Existence of correlated insulating states at integer fillings, accompanied by the superconductivity, measured at T = 70 mK, V., =
10 V> (f,g) Phase diagram of magic angle tBLG, including temperature-dependent (f) and magic-field-dependent at T = 70 mK (g).>* (h)
Quantum oscillation pattern in tBLG.>* Adapted with permission from ref 23. Copyright 2018 Springer Nature. (i) Hysteresis loop and
quantized anomalous Hall effect with C = 1 at B = 0, 3/4 filling in tBLG.”" Adapted with permission from ref 71. Copyright 2020 AAAS. (j)
Appearance of pseudo-Landau level in AA stacking region in tBLG at 6 = 0.48°.”> Adapted with permission from ref 72. Copyright 2020

Springer Nature.

ization, and strain), which might modify the behaviors of the
moiré exciton.

A recent study done by Sung et al. gave insights into the
impact of the crystal symmetry of reconstructed domains on
excitonic properties in twisted MoSe, homobilayers.”” They
claimed that the different sign of Stark slope and avoided
crossing indicated the opposite dipole orientation of excitons
in AB and BA stacking.”” The authors confirmed that the
distribution of electrons was not in mirror symmetry at the top
and bottom layer for AB stacking with density functional
theory (DFT) calculations. So, the dipole orientation of
excitons is actually flipped in BA stacking, which is why the
sign changes.

Hsu et al. studied the interlayer valence band hybridization
(hybridized holes) for heterobilayers (WSe,/MoSe,, WS,/
MoS,) and a homobilayer (MoS,/MoS,) with different
stacking configurations at the K point.”® With hybridization,
a “mixed” state of inter- and intraexciton, possessing both large
optical and electric dipole moment, is realized. The authors
demonstrated that the interlayer hopping integral determines
whether it is possible to have the hybridization happen, leading
to band splitting.

As shown in Figure 2c¢, Bai et al. systematically investigated
the impact of the strain on the moiré potentials by
piezoresponse force microscopy (PEM).* Apart from the 0D
typical moiré landscape, a stripe-like 1D moiré landscape was
observed under the uniaxial strain. Although the PL peak
shapes of OD and 1D are different at low excitation, the peak
widths of both 0D and 1D moiré excitons were broadened with
increasing incident power. At high excitation density, the PL
shape of 0D and 1D moiré excitons showed similar features,
and both of them could be deconvoluted by four PL peaks,
suggesting that they may have the same origin. One possible
reason could be that three of the peaks originate from the
excitons outside the moiré traps.

5948

In addition to the study that focused on the noninteracting
condition for moiré excitons, whether the moiré potential can
have considerable effect on exciton—exciton interactions
remains largely unexplored. Several different and plausible
explanations were proposed, yet it remains, for example,
unclear the impact of nonlinearity on moiré potential.

With the same heterobilayer structure, Tran et al. also
observed four excitons. They studied the polarization of
different excitons and gave insights into the possible origins.
The four excitons showed alternating circular polarization,

defined as P. = S = Lo (Figure 2d, left).*® Unlike Bai’s

Lo+ Lo,
explanation, different emissions were simulated and attributed
to the ground- and excited-state interlayer excitons within one
moiré potential well (Figure 2d, right). On the other hand, the
strong interaction of moiré excitons was indirectly suggested
by several experiments.*>*® As Li et al. reported with MoSe,/
WSe,, multiple excitons could be trapped in a single localized
quantum well with strong nonlinear behaviors at very low
incident laser intensity (~uW).*> From the time-resolved PL
measurement, the synchronized spectral jittering (Figure 2e)
of two close narrow interlayer exciton peaks indicated that they
were trapped in the same local quantum well. The peak with
larger photon energy is likely to be a biexciton based on the
power-dependent measurement results. However, whether the
observed localized interlayer excitons originate from moiré
potential (twist angle 2—6°) or defects still lacks solid proof,
since the PL spectrum lacked strong valley polarization.
Nevertheless, the authors attributed the lack of valley
polarization to the local strain, which reduced the symmetry
of the moiré pattern. Meanwhile, Yuan et al. studied the
influence of moiré potential to the interlayer exciton migration
in CVD grown WS,/WSe, heterobilayer.”> Similar to Li, the
authors found that the exciton—exciton interaction was strong,
and the diffusion could not be simply modeled by a constant
diffusion coefficient. Figure 2f shows the time-dependent
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exciton diffusion length for 0 and 60° heterobilayers,
monolayer WS, and monolayer WSe,, respectively. The
diffusion length is much longer in the heterobilayer, where
the trend was nonlinear. By including the interaction between
the excitons, the nonlinear feature can be resolved. Moreover,
the largely increased exciton diffusion velocity compared to
monolayer cases could also be explained by the strong
repulsive force among the excitons. At the same time, the
authors simulated the moiré potential for 0 and 60°
heterobilayers. The higher moiré potential at 0° explains the
smaller diffusion velocity at 0°.

In summary, the moiré potential created by stacking the 2D
materials is unordinary in the sense of the energy and spatial
scale. Therefore, the interaction between the moiré potential
and the original lattice potential is very different compared
with other external potentials. Thus, the total potential might
be nontrivial, and the quasi-angular momentum would be
affected. Also, some external disturbances, such as the domain
reconstruction, band hybridization, and strain, would modify
the behaviors of the moiré exciton. On the other hand, since
some indirect proof was given for the strong interaction of the
moiré excitons, how to further calibrate it should be an
ongoing project.

SUPERCONDUCTIVITY AND FERROMAGNETISM

In addition to the exceptional moiré exciton features brought
by the moiré pattern, it also supports the study of correlated
states including the Mott insulating state as well as unconven-
tional superconductivity.”> A more detailed and in-depth
review for this part can be found elsewhere.””*”

Moiré lattice is formed when two monolayer graphene are
stacked with a slight angular displacement, leading to the
emergence of a mini-Brillouin zone in reciprocal space (Figure
3a). At a small twisted angle, two adjacent Dirac cones at K (or
K'), contributed from the upper and lower layer, respectively,
were mixed through hybridization due to interlayer hop-
ping.”®”” The hybridization opened up a band gap near the
intersection of adg'acent cones and reduced Fermi velocity at
the Dirac cones,”®™ %! indicating the formation of flattened
bands near the charge neutral point (CNP) (Figure 3b—d). At
a series of magic angles, where zero Fermi energy at Dirac
points appears, the width of flattened band could be less than
10 meV, separated from other bands by single-particle
gaps.””**’® Calculation showed that the first magic angle
was about 1.1°,¢ around which most of the research has been
conducted. The alignment of hBN (capsule) can be used to
break C, symmetry, thus opening up the band gap in the Dirac
point, causing insulating behavior at the CNP.*” Correlated
insulating states showed up at integer fillings when Coulomb
interaction energy U between electrons was larger than the
kinetic energy, around which superconductivity was observed
experimentally, as discussed in detail later. Note that given the
four-fold degeneracies for the spin and valley, the integral

sponding to 1/4 filling, 1/2 filling, and 3/4 filling, where n, is
when the lowest energy superlattice bands are fulfilled. When n
= n,, the system shows an insulating state due to the band gap
opened by hybridization.”

Since the observation of unconventional superconductivity
in tBLG near magic angle by Cao et al,”>*’

. . . ng ng 3n
filling represents carrier density n = +—, -, +==, corre-
47 52 4

° various related
work has flourished. Experimentally, the sample was usually
encapsulated by hBN, with Hall bars deposited to probe
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transport properties. Carrier density was controlled by a back-
gate or dual-gate structure, and the latter one could also
generate a displacement field to tune correlated insulating
states.”' Based on this gate tunability, a phase diagram within a
wide range of charge densities was probed, showing the
existence of correlated insulating states and superconducting
states at and around certain integer fillings (Figure 3e—
g). 223

The correlated insulating states with conductivity maxima
were observed at integer fillings within flat bands. The main
evidence for the existence of 2D superconductors was the zero
resistance at low temperature and small magnetic field and the
dependence of the critical current as a function of temperature
and magnetic field.””*"**** The quantum interference pattern
where critical current oscillates with magnetic field also
indicates the presence of percolating superconductivity. The
observation of the coexistence of superconducting and
correlated insulating states gives rise to the possibility that
two states share the same origin, and also that the
superconductivity can be unconventional, as the phase diagram
is similar to that of cuprate superconductors, driven by
electron—electron interaction.”>*>*~° However, recent stud-
ies showed superconducting states without the coexistence of a
correlated insulating state,”"”* providing critical evidence for
electron—phonon coupling driven superconductivity, as
supported by theoretical models, as well.”>~"°

As shown in Figure 3h, quantum oscillation is presented as
magnetoresistance (R,,), changing with carrier density within
flat bands. The oscillation pattern provides detailed band
structure information.”’ Away from the magic angle, resistance
minimum forms sets of Landau fans that originate from the
CNP, indicating the eight-fold degeneracy at the CNP that can
be understood as doubled four-fold spin-valley degeneracy in
monolayer graphene.” However, near the magic angle,
degeneracy at the CNP always reduces to four-fold. Also,
additional sets of the Landau fan with lower degeneracy
originate at integer fillings where correlated insulating states
exist, suggesting the formation of different Fermi surfaces.

Two-fold degeneracy was usually observed atn = i%, and the

mechanism of the lifted degeneracy is still under debate.
However, the critical temperature, carrier density where
correlated states occur, and degeneracy can be greatly affected
by device properties such as twisted angle inhomogeneity.
When the twisted angle was close to the magic angle, the
single-particle bands were flatter and higher T was detected.”’
Inhomogeneity, caused by nonuniform strain,”®~'"" rotation
angle,”"'%%"% and charge distribution,'’* can be mapped by
STM, %8 1:96:97,100,105,106 “rpg g 18,29,32,107 0 4 GOUID-on-
tip.'**'% Lu et al. observed insulating states at all integer
fillings and more superconducting domes at lower carrier
densities with lower inhomogeneity.”” It is worth mentioning
that there are parameters that can be used to tune the
correlated states, including pressure and displacement field.!
Additionally, other peculiar transport properties were also
observed. Careful alignment of hBN onto tBLG at the magic
angle breaks the C, rotation symmetry of tBLG, causing
nonzero and opposite Chern numbers for flat bands in each
valley, which, combined with spontaneous valley polar-
ization,*>'"” gives rise to quantum anomalous Hall effect at

n= % with C = 1°97! (Figure 3i) and n = —% with C = 2.7
Pseudomagnetic field (PMF) is formed through the nonuni-

form strain of graphene, where strain distorts the K and K’
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valleys in the graphene Brillouin zone without breaking the
sublattice symmetry, showing a similar effect on carriers by a
perpendicular external magnetic field.""" Since structure
deformation can be introduced by a moiré pattern, PMF has
already been experimentally realized in low-angle tBLG with a
rotation angle less than 1°” and in a graphene—black
phosphorus heterostructure,''” a pseudo-Landau level is
detected in both of those structures (Figure 3j). The existence
of PMF provides another way to achieve the quantum
anomalous Hall effect as well as the quantum valley effect.
Unconventional ferroelectricity is recently realized in the
bilayer graphene/boron nitride moiré system, originated from
charge transfer between layer-polarized moire flat bands under
a displacement field.""* In addition, small-angle twisted boron
nitride shows spontaneous formation of a ferroelectricity-like
domain where high density of the interfacial dipole is
observed.''* Similar phenomena are expected to be explored
in other similar twisted 2D structures, indicating rich physics in
the moiré structure. Correlated states were also observed in
other 2D heterostructures at their magic angles, such as ABC-
trilayer gra hene/hBN,'°~'"” twisted double bilayer gra-
phene,"”"~"** and TMDCs.'”™"*® ABC-trilayer graphene/
hBN showed gate-tunable Mott insulating states at 1/2 filling
and 1/4 filling and gate-tunable superconductivity at 1/4 filling
on both hole- and electron-doping sides."'’~''" Also,
correlated Chern insulator with C = 2 and ferromagnetism
were observed at 1/4 filling at the hole-doping side when
applying a vertical displacement field."">™""” In twisted double
bilayer graphene, correlated insulating states at integer filling
can be largely affected by an in-plane magnetic field, indicating
the existence of spin-polarized ground states.'””'*""*>'** The
superconductivity at half-filling was also enhanced by an in-
plane magnetic field, suggesting the dominance of the spin-
polarized electron paring mechanism.'”' Twisted bilayer WSe,
held a larger magic angle, around which correlated states
existed within a wider range.ln128 In WSe,/WS,, correlated
states were also observed at 1/3 and 2/3 fractional filling of a
hole-side flat band, due to the generalized Wigner crystal-
lization."*® In addition, antiferromagnetic Curie—Weiss behav-
ior appeared at half-filling of first hole band, transiting toward
the ferromagnetic state by hole-doping.'”> Moreover, the
insulating state at half-filling of hole-side flat bands was
observed in both twisted bilayer WSe, and WSe,/WS,, with
superconductivity existing around half-filling in twisted bilayer
WSe,, 125126128

Overall, various research studies have been conducted;
however, the variations within results lead to the difficulty in
explaining the phenomena. Furthermore, the explorations on
twisted materials beyond tBLG are still in the early stages.
There is still a long way to go before developing a systematic
theory on twistronics.

RECONSTRUCTED MOIRE PATTERNS AND
SOLITONS/DOMAIN WALLS

The previous sections addressed the emergent properties
observed and explained in the vdW materials under the rigid
lattice assumption; however, the interplay between the vdW
force and the elastic energy at the interface can cause atomic
reconstruction.* Recently, there has been increasing research
interest in the nature of atomic reconstruction at small angles.
Figure 4 lists the atomic reconstruction regions reported so far
with a small angle range in bilayer graphene (<1.1°) and a

relatively large angle range in bilayer TMDC (<5°), where the
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Figure 4. Atomic reconstruction region schematic. Experimental
discovery of the atomic reconstruction regions in small angles near
the symmetry stackings in the vdW materials. The “magic angle” is
defined in the graphene where unconventional superconductivity
appears. The values of §, (~5°) and 0, (~51°) are dependent on
the materials. Insets are reprinted with permission from ref 38.
Copyright 2018 American Physical Society.

lattices were strained locally to maximize the size of the
energetically favorable AB/BA stackings. In this section, we
focus on the effects from the rearrangement of the atoms
within the individual layers.

Recent theoretical work on graphene/ graphene and
twisted TMDC structures’>**'*" and experimental work on
bilayer graphene,'®*”'”” bilayer hBN,”* graphene/hBN,**
bilayer TMDC,** and MoSe,/WSe, heterostructures’' indicate
that the atomic reconstruction can occur under translational
shifts or at small twisted angles and solitons/domain walls can
form. The behavior of the domain walls is complex, consistent

with the complex atomic arrangements at the domain
wallg, 25313238

38,129

In the bilayer graphene, graphene/hBN and bilayer hBN,
atomic reconstruction has been found to be si§niﬁcant when
the twisted angle 6 < 1°°%** yig CAFM,** transmission
electron microscopy (TEM),'®**'%7*! and STM.** The
structural,””**'%” ‘mechanical,'"*** and electronic proper-
ties”>’® of the domains and domain walls have been
demonstrated. Lin et al. reported the existence of nanometer-
wide strained channels, most likely in the form of ripples,
between Bernal stacked bilayer graphene regions with
translational shift.”” Ni et al. found that the domain wall
width varied with moiré period in monolayer graphene/hBN
(Figure 5a).** Larger period (i.., smaller twisted angle) will
lead to narrower domain walls. In addition, the relative lattice
constant in the domain wall region is smaller than that in the
uniform areas (Figure 5b).>* This is a strong proof of lattice
reconstruction.

To reveal the structural and mechanical property of the
domain walls, dark-field TEM was used to observe soliton
motion in the bilayer graphene under translational shift,"® and
strain field was analyzed.””'%” Alden et al. found that, under
the influence of the beam, soliton boundaries undergo
topological rearrangement with position fluctuation and
solitons with opposite directions can annihilate after contacting
(Figure 5¢)."® In addition, with implemented Burgers vector
analysis, Butz et al. developed the strain distribution associated
with deformed lattices and revealed the origin of the
solitons.”*'”” Meanwhile, the electronic property can also be
significantly changed. Huang et al. demonstrated the
emergence of topologically protected helical (TPH) states on
the domain walls at the energies where AB and BA (like Figure
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Figure 5. Reconstructed moiré pattern and solitons in vdW materials. (a) Young’s modulus distribution in graphene/hBN sample, measured
by conductive AFM in the PeakForce mode, for structures with 14 nm moiré patterns. The scale bar is 10 nm. The bottom figure shows the
ratio between fwhm of the peak in the Young’s modulus distribution and the period of the moireé structure L, as a function of the period of
the moiré structure for several samples.’* (b) STM image of fully aligned monolayer graphene on hBN. Both the moiré pattern and the
atomic structure are resolved. The scale bar is 10 nm. Inset shows a zoned-in figure of the region marked by black square with scale bar of 1
nm. The bottom figure shows the relative lattice constants for different areas within moiré patterns shown in the top figure marked with
different colors correspondingly.®* Adapted with permission from ref 34. Copyright 2014 Springer Nature. (c) Dark-field TEM images show
soliton motion with two solitons having opposite translation directions, Au, seeming to have contacted each other and annihilated.'®
Adapted with permission from ref 18. Copyright 2013 Proceedings of the National Academy of Sciences. Density of states mapping by STM
with (d) sample voltage —0.11 V and back-gate voltage +60 V, (e) sample voltage —0.245 V and back-gate voltage +60 V, and (f) sample
voltage 0.1 V and back-gate voltage —50 V. The scale bar is 50 nm, and the tunnel current is 200 pA (ac voltage is 8 mV). (Insets)
Schematics of the band structure, with the sample voltage being probed marked by the blue dashed line. The green and black curves denote
the conduction and valence bands of the Bernal stacked bilayer regions, respectively, whereas the red lines are due to the TPH states on the
domain wall.>® Adapted with permission from ref 25. Copyright 2018 American Physical Society. (g) Normalized Dirac peak resistances as a
function of transverse displacement field. The inset shows a linear-scale plot of normalized Dirac peak resistances as a function of the electric

displacement field, D, for small-angle TBG devices.”” Adapted with permission from ref 32. Copyright 2019 Springer Nature.

1b) regions are gapped in the small-angle twisted bilayer
graphene with a triangular moiré pattern through scanning
tunneling spectroscopy (STS) (Figure 5d—f).”> Furthermore,
Yoo et al. observed the appearance of the secondary Dirac
bands with the breakdown of a simple moiré band description
and with increasing transverse electric displacement field D,
the normalized longitudinal resistance (by the resistance at the
global CNP) shows an increase and then saturated trend
(Figure Sg) in small-angle (6 < 1°) twisted bilayer graphene.‘q’2
These electron transport behaviors are distinctly different from
the Bernal stacked BLG (0 = 0°) and the large-angle (6 > 1°)
TBG, where the resistance increases and decreases rapidly with
increasing IDI, respectively. When 6 = 0°, the gap opens at the
CNP due to broken inversion symmetry by large IDI, leading to
larger resistance, and when @ > 1°, the resistance decreases
with increasing ID| due to the weak interlayer coupling, and
thus by increasing |DI, each layer will be doped with an equal
amount but opposite sign of carriers, making both layers less
resistive. This observation is consistent with the formation of a
1D network of conducting channels when AB/BA domains are
gapped at high IDI.*

In addition to the atomic reconstruction findings in graphitic
materials, increasing research interest has been spread into the
TMDCs. Atomic reconstruction was reported to happen in
homobilayer TMDCs with twisted angle & < 3°***>’% and
heterostructures with twisted angle 6 < 393%132 g DFT
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calculations,®®'** CAFM,*>*® atomic-resolution scanning
tunneling electron microscopy (STEM),” low-frequency
Raman spectroscopy, >~ secondary electron microscopy, "
and IR nanoimaging method."*

The vdW heterostructures give us the opportunities to
achieve complex functionalities which do not exist in nature
due to the precise stacking technique. Compared with twisted
graphene, twisted homo- and heterobilayers provide a broader
diversity of physical properties caused by lack of inversion
symmetry. Most of the work related to the reconstructed moireé
pattern has been done in twisted bilayer graphene; however,
rare research reported the reconstruction in homobilayer
TMDs, not to mention in the twisted bilayer heterostructures.
The domain formation in 2D heterostructures was previously
predicted.”® Naik et al. predicted that the relative energy
correlated strongly with the interlayer spacing, and the variance
of the interlayer spacing increased as the twisted angle 6
approaching 0 or 60° in the twisted bilayer MoS, (Figure 6a,b)
through DFT calculations.” With simulation, Maity et al.
predicted when 6 2 58.4° in the twisted homobilayer TMDs,
the constant of the moiré lattices is \/ 3 times that of the
unrelaxed ones, and the width of domain walls is about 1 nm
larger when @ approaches 60° than when @ approaches 0°.'*
Following the theoretical predictions, several experimental
studies aimed to validate the atomic reconstructions in
TMDCs. Rosenberger et al. measured CAFM for both R-
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Figure 6. Reconstruction of moiré lattices in bilayer TMDC materials. (a,b) DFT calculations of the relative energy (a)** and interlayer
spacing (ILS) (b)*® of the stackings along a line traversing high symmetry stackings in the twisted bilayer MoS,. The blue (green) lines
correspond to the path in 3.5° (36.5°) angles. The solid (dashed) lines represent relative total energy (ILS) along the path. Maximum
(squares) and minimum (circles) ILS as a function of twist angle are shown in the bottom figure. Adapted with permission from ref 33.
Copyright 2018 American Physical Society. (c) CAFM images of a MoSe,/WSe, heterostructure for R-type with = 0.4° and H-type with 6 =
0.6° show triangular alternating domains of different conductivity and hexagonal domains separated by domain walls with different
conductivity, respectively.’’ (d) CAFM images of a MoSe,/WSe, heterostructure on graphite with sample bias V, = +0.8 V. This sample has
both R-type and H-type separated by a mirror twin boundary. The bottom figure shows a zoned-in image of CAFM for H-type. The
hexagonal direction shows low conductivity (gray box) and high conductivity (red box) at domain walls. Also, the hexagon vertices alternate
between low conductivity (gray circles) and high conductivity (red circles).”’ Adapted from ref 31. Copyright 2020 American Chemical

Society.

type and H-type at small twisted angles (Figure 6c) in WSe,/
MoSe, heterostructures, showing alternating triangular do-
mains (AB/BA) of different conductivity in R-type and
hexagonal domains (ABBA) with the same conductivity
separated by domain walls in H-type.’’ This observation
agrees well with Figure 1d and cannot be explained by the
rigid-lattice moiré pattern shown in Figure la. The size of the
domains was found to vary with twisted angles, in the range of
tens to 100 nm.>' In addition, to further study the behavior of
domain walls, CAFM images (Figure 6d) were taken on a
WSe,/MoSe, heterostructure on a graphite sample with a bias,
showing both R-type and H-type domains separated by a
mirror twin boundary. The enlarged CAFM image in Figure 6d
for the H-type domain suggested complex domain behavior,
which was consistent with the complex atomic arrangements at
the domain walls predicted by the theory.”® Further reinforcing
this conclusion, Holler et al. explored interlayer shear modes
(ISMs) with a twisted angle no larger than 3° in both R-type
and H-type WSe,/MoSe, heterobilayers using low-frequency
Raman spectroscopy,'*> where the ISMs were only found in
homobilayers due to the existence of restoring force in the
commensurate configuration. 1367138

Regarding the atomic reconstruction modification on the
electronic structure of vdW heterobilayers, Weston et al.
observed strong piezoelectric textures in the twisted 2H MoS,/
WS, bilayers and layer-polarized conduction band states in the
twisted 3R bilayers.”® The lack of both inversion and mirror
symmetry in 3R stacking formed by lattice reconstruction
allows the electron density wave function to be different on the
same atom in the top and bottom layers, leading to different
layer polarizations.”® While in the 2H stacking, although the
inversion symmetry appears, the opposite sign of the strain
tensors due to the lattice reconstruction leads to the same sign
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for the induced charges, introducing high-density piezoelectric
charge at the domain walls, especially at their intersections.*
What's more, Enaldiev et al. claimed that the inhomogeneous
strain brought by lattice reconstruction leads to the formation
of spots of piezocharges where the domain walls cross with a
combination of DET and elasticity theory."*” This makes the
domain wall intersection sites attractive for optoelectronic
studies.

In addition to these well-established methods, in situ atomic
reconstruction has been directly observed experimentally by
versatile nondestructive approaches, including secondary
electron microscopy'**'*’ and an IR nanoimaging method."**
Sushko et al. demonstrated a SEM-based method, which uses a
secondary electron microscope to directly image the local
stacking order in fully hBN-encapsulated gated vdW
heterostructure devices on standard Si substrates.** Luo et
al. implemented the infrared-light into the nanoimaging
method to realize direct observation of phonon polariton
dynamics at the domain walls."*®

Moreover, it is noteworthy that the atomic reconstruction
has also been observed through combing hydrostatic
pressure'*' with controlled rotational angles or mechanical
strain, suggesting the tunability of optoelectronic properties in
vdW heterostructures.'** Yankowitz et al. found reasonable
corrugations and strains in BN-encapsulated graphene by
tuning the interlayer coupling strength with hydrostatic
pressure along with the appearance of a secondary Dirac
point which shows little dependence on pressure.'*' Lebedeva
et al. predicted the formation of equilateral triangular network
of domain walls with biaxial elongation of the bottom layer in
bilayer graphene on the basis of the two-chain Frenkel—
Kontorova model.'**
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OUTLOOK

Despite the rapid development in the study of moiré patterns
in twisted vdW materials, there still remain many outstanding
questions to be explored. Sung et al. observed opposite electric
dipole moments at AB/BA regions in the near-0°-twisted
bilayer MoSe,, paving the path to achieve dipole moments
“flipping”, in addition to the external electric field.”" In
addition to that, Hu et al. unveiled photonic dispersion
engineering in large-angle twisted evanescently coupled
hyperbolic metasurfaces theoretically.””

While most of the research studies were focused on
correlated electronic properties, a complete picture of the
underlying mechanism for band structure evolution induced by
atomic reconstruction remains elusive. First, mechanisms
explaining the emerging properties, including unconventional
superconductivity, do not fully account for the existence of
atomic reconstruction. Second, the understanding of the spatial
distribution of individual exciton and its dynamics has been
limited by the spatial and energy resolution of the detection
technique.

Furthermore, other carriers can also be affected by the moiré
pattern, leaving a largely unexplored field. With the develop-
ment of sample preparation methods and detection techniques,
more and more emerging dynamics can be discovered, such as
spin and valley dynamics and chiral phonon dynamics.
Manipulation of spin and valley dynamics can give rise to
the potential of overcoming the fundamental limits of speed
and energy consumption by considering spin and valley as the
information carrier. Wang et al. found long spin and valley
lifetime in TMDC heterostructures through studies of
spatiotemporal dynamics of spin and valley depolarization
mechanisms.'* A recent theoretical prediction showed the
exciton g-factor in the van der Waals heterostructures was
strongly spin- and stacking-dependent.'** However, it remains
unclear the possible effects of the moiré pattern on spin and
valley dynamics and how it will affect the optical selection
rules. This probably provides more degrees of freedom to
manipulate the rate and efficiency of carrier transfer process.
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VOCABULARY

Circular dichroic signal, the signal which reflects the
difference in absorption of left- and right-handed circularly
polarized light'**; unconventional superconductivity, where
Cooper pairs are not bound to exchange other than phonon
exchange: the latter one refers to conventional super-
conductivity”’; correlated insulating state, electron hopping
is suppressed due to the much stronger Coulomb interaction
between electrons within same orbital than the bandwidth,
preventing electron transport through material'**; quantum
anomalous Hall effect, quantized Hall effect without external
magnetic field: can be realized in system which can usually be
achieved in ferromagnetic insulators with a strong exchange
coupling'*’; ferromagnetism, a collective phenomenon since
individual atomic dipole moments interact to align parallel to
one another'"’; ferroelectricity, spontaneous electric polar-
ization that can be reversed by external electric field,
accompanied by hysteresis; soliton, a wave that preserves the
shape and velocity after interaction; Frank and van der Merwe
(1949) showed that incommensurability is tightly associated
with the appearance of topological defects: solitons or domain
walls
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