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TOPICAL REVIEW — Moir¢ physics in two-dimensional materials
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Moiré superlattices have revolutionized the study of two-dimensional materials, enabling unprecedented control over
their electronic, magnetic, optical, and mechanical properties. This review provides a comprehensive analysis of the latest
advancements in moiré physics, focusing on the formation of moiré superlattices due to rotational misalignment or lattice
mismatch in two-dimensional materials. These superlattices induce flat band structures and strong correlation effects,
leading to the emergence of exotic quantum phases, such as unconventional superconductivity, correlated insulating states,
and fractional quantum anomalous Hall effects. The review also explores the underlying mechanisms of these phenomena
and discusses the potential technological applications of moiré physics, offering insights into future research directions in

this rapidly evolving field.
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1. Introduction

The advent of two-dimensional materials (2DMs), such as
graphene and hexagonal boron nitride (hBN), has profoundly
impacted condensed matter physics and materials science, par-
ticularly in the 21st century. These materials, defined by
their atomic-scale thickness, exhibit a wide range of electronic
properties, spanning superconductors (e.g., NbSe,), metals,
semiconductors with tunable bandgaps (e.g., black phospho-
rus, MoS,, WSe;), and insulators (e.g., hBN). The unique
combination of diverse intrinsic properties and the ability to
tune these characteristics through experimental approaches
such as electrostatic gating and substrate engineering have po-
sitioned 2DMs as a versatile platform for exploring emergent
quantum phenomena and enabling new functionalities in elec-
tronic and quantum technologies.

Moiré heterostructures are constructed by either the rota-
tional misalignment of identical 2DMs or the lattice mismatch
of different 2DMs, in which moiré superlattices arise from in-
ference between the two constituent atomic crystals. The en-
larged moiré superlattices cause a folding mini-Brillouin zone
(BZ) smaller than the original one, when combined with band

repulsion, new band gaps can be opened. Due to these ef-
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fects, band flattening takes place, further quenching the ki-
netic energy of electrons and resulting in the dominant roles
of Coulomb interaction energies in the systems. In addition,
so-obtained flat electronic bands are generically topological
and exhibit non-zero Berry curvature. These characteristics
contribute to producing exotic quantum phases in moiré het-
erostructures, such as correlation-driven topological phases.
Some of these characteristics are even without single-particle
analogues, such as fractional Chern insulators (FCIs).

In this review, we systematically introduce the recent pro-
gresses of moiré physics in 2DMs. We summarize experimen-
tal observations of novel quantum states in moiré heterostruc-
tures, such as unconventional superconductivity, correlated in-
sulating states, and quantum anomalous Hall effects (QAHEs),
and briefly discuss their underlying mechanisms. Further-
more, we offer our perspectives on the future exploration of
moiré physics and its potential technological applications.

2. Formation of moiré superlattices

When two two-dimensional (2D) van der Waals (vdW)
layered materials with similar lattice constants are stacked at

some special twist angles, the difference in lattice parameters

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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and the angle of interlayer rotation give rise to a new moiré su-
perlattice structure. Among the most prominent examples are
the graphene/h-BN heterostructure moiré superlattices gained
attention in 2013,!') and the “magic-angle” graphene discov-
ered in 2018./%7] The former serves as a model for single-
particle energy band modulation via two-dimensional super-
lattices, while the latter has garnered significant attention due
to its flat-band structure, which leads to the emergence of cor-
related insulating states and superconductivity. This discov-
ery has positioned magic-angle twisted bilayer graphene as
a novel strongly correlated system within condensed matter
physics.

For the twisted bilayer graphene (TBG), Schmidt ez al.®!
demonstrated that rotating bilayer graphene at any twist an-
gle can be artificially achieved experimentally. But periodic
moiré patterns emerge only when the superlattice exhibits a
commensurate structure, which occurs only at specific twist
angles. A superlattice with a commensurate structure pos-
sesses both translational and rotational symmetries, whereas
a superlattice with an incommensurate structure retains only
rotational symmetry. Such a superlattice with a commensurate
structure and moiré patterns is called the moiré superlattice.
Structurally speaking, this superlattice comes from the mis-
match of lattice structures. When the lattice constants between
the stacked lattices are different or there is a relative twist an-
gle, lattice mismatch occurs, and then a superlattice structure
is produced. There are two types of moiré superlattices: ho-
mojunction and heterojunction moiré superlattices. The two
cases are discussed respectively. In the homojunction, since
the materials have the same lattice constant, the formation of
a superlattice can only be achieved by adjusting the interlayer
twist angle. Now consider the TBG as the example of the ho-
mojunction.

In the primitive cell of monolayer graphene, there exist
two inequivalent carbon atoms (A and B). And there are two
common ways of stacking for bilayer graphene: turbostratic
stacking (AA) and Bernal stacking (AB). Turbostratic stacking

()

0

o
esunettenan sl
S I

means the A atoms and B atoms corresponding to the top and
bottom layers are coincident respectively, while Bernal stack-
ing means the A atoms of the top layer are coincident with the
B atoms of the bottom layer.

The twist angle is defined as the angle between the top
and bottom lattice vectors. Take the basis vectors in the prim-
itive cell of the monolayer graphene as a; = ao(%, —@) and
a) = ao(%, —g) ay is the lattice constant of the primitive
cell, ayp = 0.246 nm. Then the twist angle 0 is given by

3i24+3i+1

9 = -————
S = 3 i

i=0,1,2,.... @)
So the period of the superlattice is L = v/3i2 + 3i + lag. When
i =0, the TBG turns to the turbostratic stacking (AA) bilayer
graphene. And when i — oo, the TBG turns to the Bernal stack-
ing (AB) bilayer graphene.

The basis vectors of the new primitive cell of the moiré

superlattice are

T\ = ia; +(i+1)ay, 2
—(i+Dai+ (2i+1)a;. 3)

5

The reciprocal lattice vectors are

4r

G = m[@“* lai +ay], 4)
4r ) .
2= 3@agairn Gt +Githal )

The length of the side of the first Brillouin zone is given
by[l 1]
. (6 1
|AK| = |K| — K>|=2|K|sin ) =—=IG|, (©
where | K| is the length of the side of the first Brillouin zone
of monolayer graphene, and AK is the relative position vector

of the Dirac points of the top and bottom monolayer graphene.

The lattice and the reciprocal lattice of the TBG are shown in
Fig. 1.

Fig. 1. Moiré pattern of TBG.[>! (a) Schematic of general twisted bilayer systems with the twist angle 8 = 4.4°, where the largest black
hexagon denotes moiré superlattices including AA and AB/BA stacked lattices. Blue (red) dots represent the sites in L1 (L2). (b) Schematic of
BZs. Sky blue and red hexagons represent first BZs for L1 and L2 while black hexagons represent moiré BZs (mBZ). (c¢) Scanning tunneling
microscope (STM) images of TBG with 6 = 9.5°. The scale bar is 5.0 nm.
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In the heterojunction, for the not equal lattice constants of
two materials, the formation of a superlattice can be achieved
without adjusting the interlayer twist angle. At the same time,
the moiré superlattice can be modulated by adjusting the twist
angle.

Consider the hBN (hexagonal boron nitride)/graphene
heterojunction as the example of the heterojunction. If we
take both the lattice mismatch (6 = 1.8% for graphene and

(a) (b)

hBN!!2l) and the twist angle () into consideration, the period
of the moiré superlattice L is given by

(1+8)ao

L= . 7
V2(1+8)(1 —cos8) + 52 @

It can be concluded that when the twist angle is zero
(6 = 0°), the moiré superlattice has a maximum period of
about 13.8 nm.

(©)
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Fig. 2. Superlattice of hBN/graphene heterojunction.!'"!3] (a) Schematic diagram of graphene/hBN superlattice formed with twist angle of 0°,
with hBN represented in blue, and graphene in red. Black hexagons mark the moiré plaquette and red arrows mark the basis vectors, with carbon
atoms in gray. Different stacking regions are present within the superlattice. (b) The upper part shows the morphology image of graphene/boron
nitride characterized by AFM, while the lower part represents the height variations along the green line. (c) Spatial distribution of the interlayer
interaction potential in the graphene/boron nitride superlattice with twist angle of 0°.
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Fig. 3. Atomic reconstruction of moiré superlattice.!'>-16! (a) Schematic diagram depicting the stacking types of unreconstructed twisted bilayer
graphene (left) and reconstructed twisted bilayer graphene (right). (b) STM images of the graphene/hBN heterojunction sample with twist angle
of 0° and their local magnifications (as shown in the upper-right inset), with a scale bar of 10 nm. The size of the square region is 3 nm x 3 nm.
Inset: A magnified view of the black square region, showing clear atomic structures with a scale bar of 1 nm. (c) Relative lattice constants of
different color regions within the images in panel (b), corresponding to the colors in panel (b). (d) Dark-field transmission electron microscope
images obtained by selecting graphene diffraction peaks in TBG, with twist angles of 0.1°, 0.4°, 0.8°, and 1.2°, respectively. (e) Due to the
spatially modulated vdW adhesion potential, the graphene lattice periodically expands and contracts in-plane. An out-of-plane corrugation

profile also develops, both matching the moiré.
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3. Atomic reconstruction

When two monolayer materials form a two-dimensional
moiré superlattice structure, the lattices of one or both mono-
layers may become distorted due to the spatially modulated
vdW adhesion potential. Furthermore, the surfaces of the ma-
terials are typically not perfectly flat. This phenomenon is re-
ferred to as atomic reconstruction.

According to the recent work,*13] atomic reconstruction
is particularly pronounced when the twist angle of the twisted
bilayer graphene is near 0°, resulting in discrete symmetric do-
mains. The energy of AA stacking is the highest, followed by
BA stacking, and AB stacking has the lowest energy. To min-
imize the overall energy, atomic reconstruction occurs on the
surface. The regions of AB and BA stacking expand to form
triangular areas, separated by domain walls. The intersections
of these domain walls correspond to AA stacking sites, ulti-
mately leading to a periodic structure where AB and BA stack-
ings alternate. Each AB stacking domain is surrounded by
three adjacent BA stacking domains (and vice versa), as shown
in Fig. 2. Moreover, Yoo et al. found that when the twist angle
increased, the region of atomic reconstruction gradually de-
creased, and the contrast significantly weakened, and finally
became close to unidirectional fringes (as shown in Fig. 3(d)).
This trend indicates that both the reconstruction intensity and
the contrast in the domain increase with the decrease of the
twist angle. This effect is also seen in heterojunctions com-
posed of transition metal dichalcogenides (TMDs), such as
MoSe; /WSe,.[17]

For the graphene/hBN heterojunction structure, graphene
overlaid on hexagonal boron nitride also undergoes minor
stress adjustments in response to the periodicity of the hBN,

[13.14] a5 shown in

thereby resulting in atomic reconstruction,
Fig. 3(e).
atomic reconstruction significantly affects the atomic structure
of domain walls.!'>18191 Woods et al.!'3! found that the rela-

tive lattice constants in the domain wall regions of monolayer

Moreover, experiments have demonstrated that

graphene/hexagonal boron nitride are smaller than those in the
uniform regions (as shown in Figs. 3(b) and 3(c)), suggest-
ing that the lattice within the domain wall areas is likely com-
pressed, thereby providing strong evidence for the occurrence
of atomic reconstruction.

4. Modulation of the band structure by moiré
superlattices

4.1. Van Hove singularities

The Van Hove singularity is a phenomenon resulting from
the band modulation of a superlattice structure, which refers
to points in the electronic structure where the state density
diverges.?! Saddle points, as well as local maxima or minima
in the electronic band structure, can all potentially become Van

Hove singularities. In twisted systems, Van Hove singularities
typically originate from saddle points in the band structure.
This phenomenon was discovered in epitaxially grown
twisted bilayer graphene (TBG) even before the observation
in graphene/hexagonal boron nitride superlattices. Figure 4(a)
illustrates the formation of a Van Hove singularity in TBG.
When the two layers of graphene are relatively rotated, their
Brillouin zones also rotate, causing a separation of the Dirac

[21.22] The offset between the two

cones in reciprocal space.
Dirac cones can be calculated using Eq. (6).['!] The separa-
tion inevitably leads to the formation of a saddle point at the
intersection of the two Dirac cones. In the band structure, this
point is a local maximum along the direction of cone separa-
tion and a local minimum in the energy axis (vertical direc-
tion). Theoretically, Van Hove singularities tend to appear in
pairs and are related to the twist angle and the interlayer cou-
pling strength. The energy difference between a pair of Van
Hove singularities AE,y,, can be roughly estimated using!?”!

AE s = hvpAK — 2tg, (8)

where vg denotes the renormalized Fermi velocity, and g de-
notes the interlayer coupling coefficient.

A multitude of studies have demonstrated that the loca-
tion and energy difference of the Van Hove singularities Eypg
can be approximately divided into three intervals with respect
to the relative twist angle 8. When the angle is greater than
10°, the saddle point energy is significantly separated from the
Dirac point, leading to a tendency for interlayer electrons to
decouple. The low-energy band structure appears as a mere su-
perposition of the Dirac cones of single-layer graphene. "]
In the range of 2° to 10°, the value of E,ys decreases with the
diminishing angle 6,[1%28] yet the energy symmetry center of
the two Van Hove singularities remains nearly invariant with
the angle,®¥ as illustrated in Fig. 4(c). Below 2°, the Van

[10,23,25,31] and

Hove singularities exhibit spatial localization,
the density of states begins to cluster around the AA stack-
ing regions,!'%! as evident from Fig. 4(d). Consequently, as
the Fermi energy further approaches the energy of the Van
Hove singularities, a strongly localized charge density wave
is observed. 3]

Scanning tunneling microscopy (STM) is the preferred
tool for studying Van Hove singularities because it not only
allows for the deduction of the twist angle of twisted bilayer
graphene (TBG) through the moiré patterns observed in the
topography images, but also enables the measurement of the
local electronic state density at a given spatial point. Addi-
tionally, STM can determine the Landau level spectrum under
a magnetic field, which provides information about the Fermi
velocity of electrons and the strength of interlayer coupling.

The Landau level spectrum for massless Dirac fermions

under a certain magnetic field satisfies the following
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[25]

E, = Ep +sgn(n)\/ 2ehvg? |n| B, )

where Ep denotes the energy of the Dirac point, vg denotes the
Fermi velocity, and B denotes the magnitude of the external
magnetic field. By measuring the dependency relationship be-
tween a series of energy levels and (|n|B) 2, one can determine
the magnitude of the Fermi velocity from the slope. When the
angle 0 is slightly greater than 3°, the strength of the interlayer
coupling (#g) can also be obtained through the formula for the

g | AK

relationship:

renormalized Fermi velocity:[!!)

vel0) —9( o )2.
vg hngK

The Fermi velocity calculated using this formula is con-

10)

sistent with experimental results (as shown in Fig. 4(e)). It is
evident that whether the magnitude of the renormalized Fermi
velocity depends on the angle 0 is influenced by the strength
of the interlayer coupling.!?’! When the interlayer coupling is
sufficiently weak, the Fermi velocity becomes independent of
the angle 9.[263!]
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Fig. 4. Van Hove singularities.!'%>1-26] (a) Schematic diagram illustrating the formation of Van Hove singularities (VHS). VHS forms between
the two Dirac cones, resulting in a higher electron density at the singularity point. (b) Scanning tunneling spectroscopy (STS) curves for graphene.
G represents the STS curve for a single layer graphene, while M1 and M2 represent STS curves for twisted bilayer graphene with 6 = 1.79°,
where VHS is clearly observed on both sides of the Dirac point. (c) When the angle is between 2° and 10°, the E,pg value decreases as the
angle 6 decreases, but the energy center of the two VHS points remains almost unchanged with varying angles. (d) STS spectra of twisted
bilayer graphene with 6 = 1.79°, where 1 corresponds to the AA-stacked region, and 2 and 3 correspond to other stacking regions. While all
spectra display two peaks, the electron density at position 1 is significantly higher than that at other positions. (e) Relationship between the
reorganized Fermi velocity and the interlayer twist angle. The red curve represents the fitted curve obtained from formula (10), while the blue
triangles correspond to experimentally measured data. The localization phenomenon at the AA-stacked position occurs around a twist angle of

approximately 1.16° as mentioned in the text.

In addition to the conclusions mentioned earlier, there is
extensive research on the physical properties of Van Hove sin-
gularities. For instance, by adjusting the position of the Fermi
level in TBG through electrostatic doping, the system can ex-
hibit many-body quantum phenomena when the Fermi level is
close to the energy of the Van Hove singularity.[*?! In the field
of optics, when the energy of the excited photons matches the
energy difference AEy;¢ of the Van Hove singularity, the am-
plitude of the G-mode phonons in the Raman spectrum is sig-
nificantly enhanced.®) Moreover, higher-order Van Hove sin-
gularities can be induced in TBG by applying pressure, or in

trilayer graphene by applying a perpendicular electric field. >4

4.2. Secondary Dirac points

Secondary Dirac points (SDPs) are a typical phenomenon
in which the moiré superlattice potential changes the band
structure of graphene. It is theorized that under the modula-
tion of moiré lattice potential, there will be a dispersion re-
lationship similar to the graphene Dirac points at the bound-
ary of the Brillouin region, which is called secondary Dirac
point. [33-38 Experimental observation of SDP can be achieved
on graphene/hexagonal boron nitride superlattices. SDPs can
be observed using STM. The presence of SDPs is verified by
observing whether there are local minima on both sides of the
primary Dirac point (the minimum in the spectral line) in the
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scanning tunneling spectrum.* Additionally, STM measure-
ments have found that a corrugated graphene monolayer on
Rh foil can provide a weak periodic potential, thereby induc-
ing SDPs.[4!]

Angle-resolved photoelectron spectroscopy (ARPES) is
one of the prevalent methods employed in the study of SDP.
Due to its exceptionally high momentum and energy resolu-
tion, ARPES can accurately pinpoint the location of SDPs
in momentum space and determine the magnitude of the en-
ergy gap. This measurement technique requires samples of
graphene/hexagonal boron nitride of exceptional quality, with

the size of the uniform periodic regions to be at least 50 pm.
Traditional mechanical exfoliation transfer methods often fall
short in meeting these size requirements for samples. How-
ever, this challenge has been overcome by the advanced epi-
taxial growth techniques. Figures 5(c) and 5(d) showcase the
use of ARPES on epitaxially grown graphene/hexagonal boron
nitride samples, revealing an energy gap of approximately
100 meV associated with SDPs.
that the disruption of inversion symmetry leads to the forma-

This observation confirms

tion of an energy gap at the primary Dirac point as well as the
SDPs. [40]

(a.) (b) T T T T T
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Fig. 5. Secondary Dirac points.33%40] (a) The electronic band structure of graphene near the k point on boron nitride with a small misalignment
angle, 6 < 1. In the left image, there is an isolated saddle point (SDP) in the valence band at the k point. In the right image, there is an SDP
at the u point. (b) Transport properties of Dirac fermions in moiré superlattices of hBN/graphene heterojunction, 8 = 0 & 1°. Upper image:
Longitudinal resistivity as a function of carrier concentration, exhibiting a peak in resistivity at the SDP with a strong temperature dependency.
Lower image: Hall resistivity as a function of carrier concentration, showing a change in sign of the Hall resistivity at the SDP. (c) and (d) ARPES
observations of gapped main Dirac point (c) and SDP (d), for 0° aligned graphene/hBN.

4.3. Flat bands

Flat bands can arise from electron motion on specific
lattices with particular geometric arrangements, hopping pa-
rameters, and filling factors, often exhibiting unique topolog-
ical properties under certain conditions, such as specific elec-
Their reduced band-
width proportionally enhances the effect of Coulomb interac-

tron filling and interaction strengths.

tion, even when the absolute magnitude of the latter is rela-
tively small.[*?] Therefore, systems with flat bands often ex-

hibit strong correlation effects. In moiré materials, the pres-

ence of interlayer electron transition, combined with band re-
pulsion, jointly produces flat bands under suitable conditions.

In TBG, the Fermi velocity of electrons is dependent on
the interlayer coupling strength and the twist angle between
the layers.[*3 At large angles, the interlayer coupling strength
can be treated using perturbation theory; however, at small an-
gles, the interlayer coupling strength can no longer be consid-
ered a perturbation, and the electronic properties become in-
creasingly complex. Based on these factors, MacDonald and

Bistritzer constructed a continuum model Hamiltonian com-
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posed of two single-layer Hamiltonians and a tunneling term
related to interlayer coupling. This model predicted the disap-
pearance of the electron Fermi velocity at a set of discrete an-
gles (see Fig. 6(c)), which corresponds to the emergence of flat
bands. Furthermore, researchers have predicted that at small
angles, the relative translation between layers almost does not
alter the electronic properties.*3] However, due to the influ-
ence of the relative atomic positions between layers on inter-
layer electron tunneling, differences exist between electrons
in different moiré regions. The theory indicates that the elec-
tron wave function tends to localize in regions of approximate
AA stacking,*%] and these properties have been confirmed in
subsequent experiments. [*3—7]

Although electron—electron interactions are not consid-
ered in the continuum model, the Fermi velocity of electrons
in flat bands approaches zero, and they localize within the
superlattice. Consequently, the interaction energy between
47:1 — (where d is the effective distance be-
tween electrons, on the same scale as the moiré lattice pe-

electrons, V¢ =

riod), significantly exceeds their kinetic energy. This becomes
the dominant factor affecting the physical properties of the
region, leading to a substantial alteration. Numerous subse-
quent experiments have confirmed the impact of these strong
electron—electron correlations. For instance, in STS spectra,
the presence of flat bands increases the density of localized
electronic states near zero energy. Therefore, when flat bands
are either completely filled or unfilled, the STS spectra ex-
hibit a sharp peak, corresponding to single-particle behavior.

i
mw

=105

However, when flat bands are partially filled, the correspond-
ing peak in the STS spectra broadens, and a noticeable band
splitting occurs. 4648491 This is due to the symmetry breaking
caused by strong electron—electron interactions, which splits
the degenerate flat bands into sub-bands, indicative of many-
body behavior induced by strong correlations.

Similar to the magic angle graphene systems, the pres-
ence of the moiré periodic potential in TMD moiré superlat-
tices can result in the emergence of flat bands, potentially en-
abling a range of correlated and topological electronic states.
Theoretically, MacDonald’s research group!*¥ first proposed
in 2018 that in TMD moiré superlattice heterojunctions, the
physics of the flat bands can be described using a single-band
Hubbard model on a triangular lattice, see Fig. 6(d). This is
because the Wannier orbitals are predominantly localized at
specific high-symmetry stacking points of the moiré superlat-
tice. Moreover, the model parameters can be tuned by vary-
ing parameters such as the twist angle, thus making it possi-
ble in principle to use these systems as a new type of quan-
tum simulator for the Hubbard model. When the flat moiré
bands are partially filled, candidate many-body ground states
at some special filling factors include spin-liquid states, quan-
tum anomalous Hall insulators and chiral d-wave supercon-
ductors.

In the following sections, novel physical phenomena re-
lated to strong correlations between electrons induced by flat
bands will be introduced.

(c) (d)

8 =20°

a*

Fig. 6. Flat bands.!*3*# (a) The three equivalent Dirac points in the first Brillouin zone result in three distinct hopping processes. Interference
between hopping processes with different wave vectors captures the spatial variation of interlayer coordination that defines the moiré pattern.
(b) Energy dispersion for the 14 bands closest to the Dirac point plotted along the k-space trajectory A — B — C — D — A for w = 110 meV, and
6 = 5° (left), 1.05° (middle), and 0.5° (right). (c) At certain angles corresponding to «, the reorganized Fermi velocity becomes zero, leading to
flat bands. a = w/(vkg); w is the hopping energy; kg = 2kp sin(6/2), where kp is the magnitude of the Brillouin-zone corner wave vector for a
single layer; v is the Dirac velocity. (d) Moiré bands of WSe, on MoSe; at twist angle 8 = 2.0°. The red dashed line is a tight-binding-model fit
to the highest valence band that includes hopping up to the third nearest neighbor and has a narrow bandwidth (about 11 meV).

5. Correlated electronic states and topological
electronic states

5.1. Correlated insulating states and superconducting
states

Since the successful fabrication of magic-angle graphene,
the correlated insulating states and superconductivity observed
in these materials have garnered significant attention. This

phenomenon was first observed in twisted bilayer graphene
(TBG), where Cao et al. utilized an improved “tear and stack”
method to prepare TBG near the magic angle (1.1°) in 2018.17!
By fabricating the sample into a field-effect transistor structure
and adjusting the gate voltage to control the carrier concentra-
tion, they investigated the electronic properties at various flat

band fillings. Due to the eightfold degeneracy associated with
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spin and valley degrees of freedom in TBG’s flat band, full
filling corresponds to an average of 8 electrons per moiré unit
cell, with an electron density required to fill one flat band be-
ing ng ~ 2.7 x 10'2 cm~2. When the flat band is fully occupied
by electrons or holes (i.e., carrier concentration n = +ny), the
system exhibits insulating behavior with zero conductance, as
confirmed by Cao et al.’s measurements. However, at half-
filling of the flat band (n = +n/2, filling factor v = £2), an

insulating state was observed instead of the expected metal-
lic state (as shown in Fig. 7(a)). This occurs because, near
the magic angle, the electrons’ kinetic energy becomes negli-
gible compared to their Coulomb interaction energy, causing
the fourfold degenerate flat band to split into two, leading to a
Mott-like insulating state.’”) Furthermore, due to orbital and
Zeeman effects, the split bands exhibit spin-singlet states in
response to magnetic fields applied in different directions.
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Fig. 7. Correlated insulating states and superconducting states.[®7-1-531 (a) The conductivity in TBG with 6 = 1.08° and 7 = 0.3 K as a function
of carrier concentration, exhibiting an insulating state at half-filling v = +2. (b) Phase diagram near v = —2 in TBG with 6 = 1.16°, showing
superconducting phases slightly away from half-filling on both sides of the carrier concentration. (c) Adjustment of the electric displacement
field and carrier concentration in TDBG with 6 = 1.09° by tuning the top and bottom gate voltages. Under electric field tuning, the emergence
of correlated insulating states is observed at the electron half-filling. (d) Phase diagram of high-quality MATTG devices, concerning carrier
concentration and electric displacement field, with the presence of superconducting states near integer fillings. (e) Longitudinal resistivity in
MATTG at v = —2.28 as a function of temperature and parallel magnetic field, showing that TTG’s superconductivity is not limited by the Pauli
limit and can exist under magnetic fields as high as 10 T. (f) Longitudinal resistivity in MATTG as a function of filling and parallel magnetic field.
As the magnetic field increases, the appearance of a second superconducting phase can be observed, possibly connected by a first-order phase
transition, indicating that superconducting electrons in TTG may be of spin-triplet nature. (g) Phase diagram of tMBG device with 6 = 1.08°
concerning carrier concentration and electric displacement field. The tMBG exhibits significant tunability with strong differences in phase
diagrams for D > 0 and D < 0. (h) Evidence of superconductivity observed from the temperature (7') dependence of resistance (Ry,) in TDBG in
proximity to WSe; for two different samples with twist angles of 1.37° and 1.24°, referred to hereafter as D1 and D2, where Vv is the moiré filling
factor and D is the displacement field. (i) I-V characteristics of superconductivity as a function of temperature, obtained by integrating dV /dI
(I4c) at the red marker in (a) (lower inset). V(I ) was used to determine the value of the Berezinskii—Kosterlitz—Thouless transition temperature,

Tkt = 64 mK (upper inset).

Superconductivity in TBG was first observed by Cao et
al. in 2018.1°) When the carrier concentration n in TBG is
adjusted slightly away from the correlated insulating state
(n = +£ng/2), a superconducting state with a maximum tran-
sition temperature of 1.7 K emerges, forming a dome-shaped
superconducting phase on each side of the half-filling state, as
shown in Fig. 7(b). The critical magnetic field varies signif-
icantly with carrier concentration under an applied magnetic
field. Moreover, the dependence of the critical magnetic field
is consistent with Ginzburg-Landau theory, and oscillatory
phenomena due to Josephson junction array structures formed
by sample inhomogeneity further confirm the existence of the
superconducting state. Similar to the insulating state, subse-
quent experiments also observed superconducting phases near

5.56-391 Compared to other superconduc-

other integer filling
tors, two-dimensional heterostructure materials allow for more

convenient modulation of electron interaction strength through

[60.61] and feature

parameters such as twist angle and pressure,
clean interlayer interfaces, making carrier concentration ad-
justment very convenient, thus providing an ideal platform for
studying superconducting phenomena.

Although many experiments have observed correlated in-
sulating states and superconductivity in TBG, the origin of su-
perconductivity in TBG and the relationship between the su-
perconducting and correlated insulating phases remain contro-
versial. Some theories suggest that the correlated insulating
state in TBG is a prerequisite for the emergence of super-
conductivity, similar to the doping-induced superconductiv-
ity in Mott insulators observed in cuprate superconductors. !
There are several similarities between superconductivity in
TBG and high-temperature superconductors, the most notable
one being that superconductivity in TBG appears on both
sides of the correlated insulating state as the carrier con-
centration varies, resembling the phase diagram of cuprate
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superconductors.[6%93] Furthermore, due to strong electron in-
teractions, the ratio of the superconducting transition tem-
perature to the Fermi temperature in TBG is high, exceed-
ing the range observed in conventional superconductors.!%!
Temperature-dependent resistance measurements on TBG
with doping levels near +ng/2 reveal the presence of a strange
metallic state within this doping range.[*%3] The resistance
versus temperature curve can be roughly divided into three
parts: at low temperatures, the curve shows superconducting
characteristics with a sudden drop in resistance near the su-
perconducting transition temperature; as the temperature in-
creases, the superconducting state gradually transitions to a
correlated insulating state, with the curve exhibiting insulat-
ing behavior where the resistance decreases with increasing
temperature; beyond a certain temperature, the curve shows
a strange metallic state, characterized by a linear relationship
between resistance and temperature, p(7T') ~ AT (where A is
a constant). This linear relationship between resistance and
temperature is also observed in cuprate superconductors. 6]
Additionally, STM measurements on TBG reveal that when
the flat band is partially filled, the STS peaks associated with
the flat band split, forming a pseudogap, and the weight of
the two peaks varies with spatial position. This phenomenon
indicates that charge is not uniformly distributed in space
but forms a stripe charge order, breaking the Cg symmetry
of the moiré lattice.*>*”1 Similar phenomena are confirmed
by transport measurements under magnetic fields applied in
different directions, showing anisotropic responses in longi-
tudinal resistance to in-plane magnetic fields.®”! Such stripe
charge orders are also frequently observed in high-temperature
superconductors, [6%:6%]

However, there is substantial evidence supporting that su-
perconductivity in TBG is not high-temperature superconduc-
tivity but conventional superconductivity induced by electron—
phonon coupling, and it competes with rather than coexists
with the correlated insulating state. In transport measurement
devices, when the thickness of the hBN layer between TBG
and the bottom graphene gate is smaller than the moiré period,
the polarized charges in the gate graphene screen the Coulomb
interactions on this scale.[®8! The formation of the insulating
state requires Coulomb interactions to exceed the bandwidth,
but the superconducting state is primarily influenced by the
density of states at the Fermi level. Therefore, the screening
of Coulomb interactions affects the formation of the insulating
state but not the superconducting state. Consequently, when
the insulating state disappears, the superconducting state per-
sists and occupies the position originally belonging to the in-
sulating state.’®°1 Adding a monolayer WSe, insulator be-
tween hBN and TBG or using AB-stacked TBG can also gen-
erate a superconducting state without forming an insulating
state, and the superconducting state can appear at twist angles

much smaller than the magic angle.>’>% The stabilization of
superconductivity with reduced Coulomb interaction supports
the hypothesis that superconductivity in TBG originates from
electron—phonon coupling, as weaker Coulomb repulsion fa-
cilitates Cooper pair formation and stabilizes the supercon-
ducting order parameter. In contrast, for high-temperature su-
perconductors, the order parameter strengthens with increased
Coulomb interactions. Additionally, the strange metallic state
with linear temperature-dependent resistance is theorized to
be caused by electron—phonon scattering at high tempera-
tures, with the slope related to the electron—phonon coupling

h. 1647071 The origin and nature of superconductivity in

strengt
TBG remain unresolved and require extensive further investi-
gation.

In addition to the TBG system, the development of
van der Waals heterostructure fabrication technology and im-
proved control over twist angles have led to the study of var-
ious other twisted systems, including twisted double bilayer
graphene (TDBG). Unlike TBG, TDBG inherits the electric
field tunability of bilayer Bernal-stacked graphene.!”?! This al-
lows TDBG to adjust electron interaction strength by changing
the relative twist angle and interlayer coupling, as well as by
altering the electric field,!>:7>"76! a5 shown in Fig. 7(c). Con-
sequently, TDBG can exhibit flat bands over a wider range
of twist angles, unlike TBG, which is limited to around 1.1°.
Without an external displacement field, TDBG features a small
bandgap between two flat bands and larger gaps above and be-
low them. Increasing the displacement field broadens the gap
between the flat bands while reducing and eventually elimi-
nating the gaps above and below the flat bands.!-7? Similar
to TBG, correlated insulating states have been observed at in-
teger fillings in TDBG.[®373-761 However, STM experiments
reveal that the electron wave functions in TDBG are non-
localized, unlike TBG, where they localize in specific stacking
regions. In TDBG, the density of states split due to strong cor-
relations appears across all stacking regions, suggesting that
the insulating state at v = 2 might arise from non-local ex-
change interactions.!””! Additionally, spin Zeeman effect ob-
servations in TDBG show a g-factor of approximately 2, indi-
cating spin polarization at v = 2, unlike the valley polarization
seen in TBG.!%87375] Liu et al. also has observed evidence
of potential superconductivity in TDBG, however, it might
be due to reduced resistivity resulting from carrier scattering
suppression during the ferromagnetic transition of the insu-
lating state.!”>! In 2023, Su et al. reported their observation
of superconductivity in TDBG by placing a few-layer WSe;
flake in direct contact with the TDBG moiré superlattice, >*! as
shown in Fig. 7(h). The superconductivity has been observed
in TDBG devices with twist angles of 1.37° and 1.24°. They
provided further evidence for superconductivity through ob-
servation of Berezinskii—Kosterlitz—Thouless transitions and
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a phase coherent interference pattern in the TDBG devices
with a twist angle of 1.37°, as shown in Fig. 7(i). whereas,
by contrast, superconductivity in the one with a twist angle
of 1.24° was weaker. Their work also further highlights the
importance of WSe, in stabilizing some competing order in
the rich yet fragile phase diagram of moiré systems.!”®! How-
ever, the nature of proximity-induced superconductivity in the
TDBG/WSe, structure remains an open question.!’® Further
exploration is needed to study the superconducting state in
TDBG.

Twisted trilayer graphene (TTG) exhibits electric field
tunability similar to TBG. TTG is composed of three lay-
ers of graphene, with two independent twist angles Ogy; and
6rm as an ideal system for the precise tuning of the elec-
tronic interlayer coupling to maximize the effect of correlated
behaviors. "] For the special case of mirror symmetric stack-
ing, Ogm = 6m = 0 (T and B are aligned, and M is twisted
relative to these by an angle ), TTG is predicted to host two
sets of flat bands whose band velocity vanishes at a magic
angle of 8 ~ 1.56°.180811 Ag in magic-angle twisted trilayer
graphene (MATTG), its band structure consists of a combina-
tion of the Dirac cones from monolayer graphene and the flat
bands from TBG, 3257591 and their hybridization can be tuned
by the displacement field D.% Due to the presence of inde-
pendent Dirac cones, TTG does not exhibit strong insulating
behavior at any filling when D = 0.57! As shown in Fig. 7(d),
similar to TBG, superconductivity is observed in TTG near in-
teger fillings.>>>7-3%821 For spin-singlet superconductors, su-
perconductivity is suppressed at a certain parallel magnetic
field strength due to the Zeeman effect, a limit known as the
Pauli limit. However, if electrons pair via spin-triplet coupling
to form a superconductor, an external magnetic field will not
disrupt the Cooper pairs by increasing the energy difference
between the two electrons. Thus, spin-triplet superconductors
can maintain superconductivity under higher magnetic fields.
TTG’s superconductivity is not restricted by the Pauli limit
and can persist under magnetic fields up to 10 T, with a sec-
ond superconducting phase observed as the magnetic field in-
creases, possibly connected by a first-order phase transition?!
(Figs. 7(e) and 7(f)). These phenomena suggest that the super-
conducting electrons in TTG may form spin-triplet pairs. Ad-
ditionally, it was found that the divergent density of states at
the van Hove singularities does not induce or enhance super-
conducting order in TTG, and superconductivity can be tuned
near the Bose—Einstein condensation crossover point, 591 indi-
cating strong coupling characteristics. Therefore, the super-
conductivity in TTG is unlikely to be consistent with conven-
tional weak electron—phonon coupling. Some researchers have
also modulated the electron interaction strength in TTG by
introducing bilayer graphene, yielding results consistent with
TBG, where superconductivity can exist without the presence

of correlated insulating states, indicating a competitive rela-
tionship with electron interactions.?) However, this experi-
mental result has also led to theoretical proposals that super-
conductivity originates from extended Cooper pairs formed
by skyrmion pairs with opposite Chern numbers through an-
tiferromagnetic coupling, for which the presence of insulating

(831 While the origin of superconductiv-

states is not necessary.
ity in TTG remains controversial, increasing research suggests
that Cp, symmetry plays a crucial role in the presence of su-
perconducting states in twisted systems, [°-83.84]

In addition to the aforementioned high-symmetry twisted
systems, twisted monolayer-bilayer graphene (tMBG), which
possesses lower crystalline symmetry, has also begun to attract
attention. The tMBG consists of a monolayer graphene and a
bilayer Bernal-stacked graphene. Due to the different number
of layers in the graphene that make up the tMBG heterojunc-
tion, tMBG lacks mirror reflection symmetry and the C,, sym-
metry present in TBG and TTG, resulting in lower crystalline
symmetry. This leads to significant differences in the phase
diagrams for D > 0 and D < 0, but it also exhibits high tun-

3385861 a5 shown in Fig. 7(g). Over-

ability by electric field,!
all, two resistance peaks appear at the fully filled flat band
(v = £4), and the displacement field D can open a gap be-
tween the flat bands, with the resistivity increasing as the ab-
solute value of D increases. When D > 0, the direction of
the displacement field points from the monolayer to the bi-
layer, and its phase diagram is similar to that of TDBG. At
v = 2, interactions split the fourfold degenerate flat conduc-
tion bands into spin-polarized flat bands with a Chern number
of 0, leading to correlated insulating behavior.[37-88] Addition-
ally, valley polarization occurs at v =1 and v = 3 under a
magnetic field, and Chern insulating states with a Chern num-
ber of 2 also appear. [85.87.88] Fyrthermore, at D > 0, character-
istics of a uniformly distributed flat band density of states in
real space, similar to those in TDBG, have been observed. 8!
For D < 0, the phase diagram of tMBG resembles that of TBG
more closely, but due to tMBG’s larger bandwidth, only metal-
lic behavior correlated states are observed at integer fillings,
which transition to insulating states upon applying a perpen-
dicular magnetic field.!3¢! Similar to TBG, when D < 0, tMBG
also exhibits localized flat band electronic states, concentrated
in the ABB stacking region.'®°! Given that tMBG features not
only correlated states but also flat bands with non-zero Chern

90]

numbers,®) it serves as an ideal platform for studying the in-

terplay between correlated states and topological states.

5.2. Topological insulators and symmetry

In addition to the insulating state observed at half-filling
as described in Subsection 5.1, many experiments have also
detected insulating states at v =0, *1, +3.056-59.67.911 The in-
sulating state at v = 0 arises due to the breaking of C; symme-
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try when TBG is aligned with a boron nitride substrate at zero
angle, opening a gap at the Dirac point between the conduc-
tion and valence bands, thus forming flat Chern bands. Insu-
lating states at other integer fillings which can be stabilized by
modest magnetic fields occur because electron interactions can
break the C,T symmetry of the system (time-reversal symme-
try is broken by an interaction-induced Haldane mass, which is
a strong correlation effect during changing fillings and opens
a mass gap of equal and opposite magnitude in the K and K’

valleys), resulting in spin and valley polarized flat bands.°!]
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Consequently, interaction-induced insulating states appear at
all integer v values.[?”! The breaking of C,T symmetry and
the emergence of gaps are closely related to the twist an-
gle and interaction strength; even near the magic angle, insu-
lating states only appear within a specific interaction range.
Although breaking both C; and 7 symmetries can produce
flat Chern bands, breaking C, symmetry reverses the sign of
the valley Chern number, whereas breaking 7 symmetry does
not, leading to different Chern numbers for the resulting flat
bands, [01:93.94]
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Fig. 8. Chern insulator and time-reversal symmetry in MATBG.[>391.93.96-98] (3) The Chern numbers associated with each flat band depend on
the specific symmetry-breaking mechanism. This panel illustrates how the band Chern numbers in MATBG change when C,, symmetry and
time-reversal symmetry are broken. (b) The upper part of the panel depicts the cascade filling sequence in MATBG, while the lower part shows the
corresponding relationship between the chemical potential and the filling factor in MATBG. A cascade phase transition occurs before integer fillings,
driven by exchange interactions that redistribute carriers into one band while elevating the other three bands to higher energies. (c) A schematic
diagram illustrating the evolution of the system’s Chern numbers during a cascade phase transition under time-reversal symmetry breaking in
MATBG. (d) Color plot of Ry, versus v and B, , measured at T = 1.5 K, showing experimentally observed Chern insulator states at various filling
factors of MATBG. At fillings v = £1, £2, £3, 0, the corresponding Chern numbers C = +1, 2, 43, -4 are consistent with the Chern number
changes induced by breaking time-reversal symmetry. (e) The variation in longitudinal resistance and Hall conductance with filling of MATBG,
showing flat band reconstruction induced by a magnetic field. The upper part of the panel shows the occupied reconstructed bands. (f) Around
v = 0.8, MATBG undergoes a transition from a Chern number with an absolute value of 1 to 3 at a magnetic field of approximately 0.5 T.

Due to the nontrivial topological properties of the flat
bands, the insulating states in magic-angle twisted graphene
systems exhibit nonzero Chern numbers. For a magic-angle
graphene composed of M and N layers, when the upper
and lower layers are stacked with the same chirality, the to-
tal Chern number for the two flat bands in each valley is
+(M — N). Conversely, when the upper and lower layers are
stacked with opposite chirality, the total Chern number for the
two flat bands in each valley is =(M — N —2).

icant energy gap between the flat bands and the high-energy

The signif-

bands confers strong stability to the total Chern number of the
two flat bands.!®®! However, the Chern number for each indi-

vidual flat band is susceptible to various factors, including the
twist angle, Coulomb interaction strength, and external mag-
netic field intensity.>®! Additionally, the Chern number is in-
fluenced by the manner of symmetry breaking. Either align-
ing graphene with boron nitride to break the C,, symmetry or
breaking the time-reversal symmetry can reduce the flat band
degeneracy and open a gap between them, resulting in bands
with nonzero Chern numbers (Fig. 8(a)). During the doping
process, as the carrier concentration increases, theoretically,
all four spin and valley bands in the central flat band (CFB)
should be uniformly filled. However, before reaching integer
filling, a cascade of phase transitions occurs, where exchange
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interactions transfer all carriers to one specific band and push
the other three bands to higher energies (Fig. 8(b)). [55.96]

For magic-angle twisted bilayer graphene (MATBG), the
Chern insulators in the presence of a magnetic field often ex-
hibit broken time-reversal symmetry.[3 Specifically, at fill-
ings v = +1, £2, £3, 0, the corresponding Chern numbers
are C = £1, £2, £3, £4, as illustrated in Fig. 8(c), with the
experimental results shown in Fig. 8(d). Furthermore, the ther-
mal activation gap A in TBG responds differently to an exter-
nal magnetic field depending on the filling. At v =2, A de-
creases with increasing magnetic field, whereas at v =1,3, A
increases. This indicates that TBG is in a valley-polarized or
inter-valley coherent state at v = 2, and in a spin-polarized
state at v = 1, 3.1 Besides MATBG, other twisted sys-
tems also exhibit Chern insulators with nonzero Chern num-
bers. For instance, based on the relationship between the mag-
netic field value at which the topological gap closes and the
Chern number, a C = 2 insulator has been inferred in TDBG
with 8 = 1.01°.173] Additionally, by adjusting the displace-
ment field, a Chern insulator with C = 2 has been observed in

As a common method to break time-reversal symmetry,
a magnetic field can not only induce the formation of Chern
insulators but also give rise to Landau levels, leading to the re-
construction of flat bands. For instance, in MATBG as shown
in Fig. 8(e), the zeroth Landau level evolves into a Chern band
with C = 2. To maintain a total Chern number of zero, the
flat bands adjacent to the C = 2 Chern band have Chern num-
bers of —1. Therefore, for each spin and valley, the magnetic
field reconstructs two flat bands into three sub-bands.[”” Fur-
thermore, under the influence of a magnetic field, there is a
competitive relationship between different Chern insulators.
In the absence of a magnetic field, the ground state at inte-
ger fillings is a many-body degenerate ground state, each with
a different Chern number. Ignoring chiral perturbations, the
state with the smaller Chern number is favored. However, the
presence of a magnetic field lowers the energy of states with
larger Chern numbers, enhancing their competitive advantage
over states with smaller Chern numbers. Experimentally, this
is observed in MATBG near v = 0.8, where the absolute value
of the Chern number transitions from 1 to 3 at a magnetic field

ABC-stacked trilayer graphene at v = —1.[100] of approximately 0.5 T8I (Fig. 8(f)).
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Fig. 9. Chen insulators and spatial symmetry in MATBG.!!0'=194] (a) Schematic illustration of the Brillouin zone folding due to the breaking
of translational symmetry, leading to the emergence of a new band with a Chern number of zero and a doubling of the total number of bands.
(b) Local inverse compressibility coefficients between B =0 T and 3 T for fillings v = 2.5 to 4, showing the presence of a SBCI state with
(t,8) = (1,8/3) at v = 8/3. (c) Schematic representation of the formation of the SBCI state with (¢,s) = (1,8/3) observed in (b), with a
tripling of the Brillouin zone. (d) Local inverse compressibility coefficients between B =3 T and 11 T for fillings v = 3 and 4, illustrating the
presence of different states. (e) Wannier diagrams obtained from measurements in (d), showing the transition from a charge-density wave (CDW)
state to a fractional Chern insulator (FCI) state with increasing magnetic field. (f) Schematic depiction of the formation of the FCI state with
(¢,5) = (2/3,10/3), which can be considered as a superposition of the previous (1,3) Chern insulator state and (—1/3,1/3) FCI state.

Breaking spatial symmetry is crucial for the states of
Chern insulators. Beyond the aforementioned C,, symmetry,
the modulation of charge density under electron interactions
can lead to an uneven energy distribution in the Brillouin zone.
This causes translational symmetry breaking and reduces the
system’s energy by folding the Brillouin zone. In TBG, since
the Berry curvature is mainly concentrated at the I point,
folding the Brillouin zone generates a new band with a zero

Chern number, effectively doubling the total number of bands
(Fig. 9(a)). This can result in new Chern insulator states at
different fillings.[101]

Translational symmetry breaking can also lead to higher-
order folding of the Brillouin zone. For example, experiments
have observed a symmetry-broken Chern insulator (SBCI)
state formed by tripling the Brillouin zone folding, as shown
in Figs. 9(b) and 8(c). This theory can also explain the tran-
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sition of FCI states. For instance, the (2/3,10/3) FCI state in
Fig. 10(d), with a Chern number and filling factor of 2/3 and
10/3, respectively, can be viewed as a superposition of a (1,3)
Chern insulator state and a (—1/3,1/3) FCI state.[!%]

Figures 9(e) and 9(f) illustrate the competition between
CDW and FCI states. However, as a magnetic field increases
the uniformity of Berry curvature distribution within the Bril-
louin zone, it makes the folding of the Brillouin zone less
likely, thereby favoring the formation of FCI states.!103:104]
Consequently, CDW states gradually transition into FCI states
with increasing magnetic field strength. Additionally, in TBG
on a WSe, substrate, an SBCI state with Chern numbers of
(—4,—0.5) due to double Brillouin zone folding has been
observed.!'®! These findings underscore the importance of
symmetry breaking.

5.3. Quantum anomalous Hall effects

Quantum anomalous Hall (QAH) effect means a state
with a quantized Hall conductance can exist without an ex-
ternal magnetic field at all. Theoretically, the first explicit
model with quantized Hall conductance in the absence of mag-
netic fields was constructed by Haldane!!°®! in the honeycomb
lattice. In 2005, Qi et al.l'%7 discussed the possibility of
the QAH effect in semiconductors, and proposed a different
two-band, tight-binding model with the QAH phase, which is
defined on the square lattice and has low energy excitations
around momentum k = 0. Based on the model, there are
two conditions that will guide our search for realistic quan-
tum anomalous Hall materials: (a) inverted band structures

[108] The theoretical predic-

and (b) ferromagnetic insulators.
tion was verified by experiments soon afterward. In 2013,
Chang et al. had an experimental observation of the quan-
tum anomalous Hall effect in the thin films of the compound
Cro.15(Big.1Sbo.9)1.85Tes, with Cr as the magnetic dopant.['%%]

In moiré materials, Serlin et al. reported the observation
of a QAH effect in twisted bilayer graphene aligned to hexag-
onal boron nitride.!' 1% In a flat-band (6 ~ 1.15°4+0.01°) TBG
sample aligned to hBN, Ry, approached A/ ¢? in a narrow range
of density near v =3 (n = 2.37 x 10'2 cm™?), concomitant
with a deep minimum in R,, (Figs. 10(a) and 10(b)). Tseng et
al. also reported QAH at half filling in TBG.!!3] Geisenhof et
al. reported QAH octet driven by orbital magnetism in bilayer
graphene. !4

Contrary to theoretical predictions, the recent studies by
Shan and Mak’s groups!!'!! unexpectedly observed the quan-
tum anomalous Hall effect (QAHE) and a possible quan-
tum spin Hall effect (QSHE) in the valence band of an
AB-stacked MoTe,/WSe, moiré heterostructure.
ously mentioned, the key to realizing topological bands in

As previ-

moiré heterostructures theoretically lies in the presence of

two nearly degenerate bands, making the moiré superlattice
structure effectively equivalent to a hexagonal lattice. In the
MoTe, /WSe, heterostructure, the band offset in the valence
band is approximately 200 meV.[!'3] This offset can be re-
duced by an external electric field, bringing the two bands
closer to degeneracy. The electric field effectively tunes the
strength of interlayer hopping, i.e., the weight of the hole
wavefunction in the two layers, thereby enabling band inver-
sion and a topological phase transition between the moiré sub-
bands. Experimentally, at filling factor v = 1, a field-induced
phase transition from a Mott insulator to a quantum anoma-
lous Hall state was observed, accompanied by a clear quan-
tized Hall conductance in the QAHE regime (Fig. 10(d)). The
highest temperature at which quantization was achieved was
approximately 2 K, which is relatively high compared to other
known QAHE systems. [83-10%:110.116.117] Notably, unlike con-
ventional topological phase transitions, yet no bandgap clos-
ing was observed during the transition from a Mott insulator
to a QAHE in which Chern number is changing from O in the
Mott insulator to —1 in the QAHE state. This absence of gap
closing could be due to a sudden change in spin order symme-
try before and after the phase transition.

Moreover, the fractional quantum anomalous Hall effect
(FQAHE) has been observed in moiré superlattice materials.
The FQAHE is characterized by the emergence of exotic elec-
tron fluids with fractionally charged excitations, resulting from
strong electron—electron interactions in partially filled topo-
logical bands, all in the absence of an external magnetic field.
Theoretically, this phenomenon is predicted to occur in topo-
logically nontrivial flat bands when spontaneous time-reversal
symmetry breaking takes place. The realization of topologi-
cal flat bands in moiré superlattices presents a promising av-
enue for achieving lattice analogs of the fractional quantum
Hall effect without requiring an external magnetic field. In
2023, Cai et al. reported signatures of FQAH states in twisted
MoTe; in AA-stacked MoTe; bilayer devices with twist angle
about 3.7°.1'18] They obtained a Landau fan diagram showing
linear shifts in carrier densities corresponding to filling fac-
tor v =—2/3 and v = —3/5 ferromagnetic states with ap-
plied magnetic field. These shifts match the Streda formula
dispersion of FQAH states with fractionally quantized Hall
conductance of oy, = 23%2 and oy, = % respectively. Xu
et al. also observed well-quantized Hall resistance of h/e?
around moiré filling factor v = —2/3, and nearly quantized
Hall resistance of 3/1/(2¢?) around v = —2/3, respectively, in
twisted MoTe,. ') In pentalayer graphene-hBN moiré super-
lattice, Lu et al. observed plateaus of quantized Hall resistance
Ry, = ﬁ atv > 1, 2/3, 3/5, 4/7, 4/9, 3/7 and 2/5 of the moiré
superlattice respectively at zero magnetic field, breaking the
limit of v > 1/2 in MoTe, ! (Fig. 10(e)).
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Fig. 10. Quantum anomalous Hall effects.'10-112) (a) and (b) QAH effect in TBG (6 ~ 1.15° £0.01°). (a) R, approaching h/ 2 in a narrow
range of density near v =3 (n = 2.37 x 10'> cm~?2), concomitant with a deep minimum in R,,, measured at a magnetic field B = 150 mT and
temperature 7 = 1.6 K. (b) R,y and Ry, as a function of B measured at various temperatures for n = 2.37 x 10'2 cm~2. (c) and (d) Topological
states in AB-stacked WSe,/MoTe, moiré superlattices. (c) Schematic illustrations of electric field induced topological phase transitions. A
band insulator to a quantum spin Hall insulator transition is possible when the first moiré mini band is full-filled, and a Mott insulator to a
quantum anomalous Hall insulator transition could occur when the first moiré mini band is half-filled. (d) At the quantum anomalous Hall
region, the measured Ry, and Ry, versus B field at various temperatures are shown respectively. (e€) FQAH effect in pentalayer graphene-hBN
moiré superlattice, with the twist angle of 0.744°. Magnetic hysteresis scans of R,, and Ry, at v = 2/5, 317, 419, 4/7, 3/5 and 2/3, showing

quantized values of R,, = ﬁ and much smaller R,,.

6. Summary and outlook

Moiré superlattices in two-dimensional quantum materi-
als exhibit a wealth of physical phenomena and can be tuned
through various means such as twist angle, pressure, vertical
displacement field, and magnetic field. This makes them ideal
structures for studying various novel physical properties. This
paper primarily explores the diverse and novel physical prop-
erties resulting from superlattice structures. It begins by exam-
ining the changes in lattice spatial structure and band structure
induced by superlattices, including topics such as secondary
Dirac points, van Hove singularities, and atomic reconstruc-
tion. Next, it focuses on phenomena related to strong elec-
tron correlations in superlattice structures with flat bands, in-
cluding correlated insulating states, superconductivity, Chern
insulators, and symmetry-related properties. Additionally, su-
perlattice structures provide an ideal platform for studying the
interplay between various physical phenomena. For example,
the superconducting phenomena observed in TBG and TTG
might pave new paths for exploring unconventional supercon-
ductivity, despite the origins of these states and correlated in-
sulators remaining debated. Furthermore, superlattice struc-
tures with both topologically nontrivial flat bands and strong

electron interactions are excellent systems for exploring the
interplay between topology and strong correlation effects.
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