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Recent advancements in two-dimensional van der Waals moiré materials have unveiled the captivating landscape of
moiré physics. In twisted bilayer graphene (TBG) at ‘magic angles’, strong electronic correlations give rise to a diverse array
of exotic physical phenomena, including correlated insulating states, superconductivity, magnetism, topological phases, and
the quantum anomalous Hall (QAH) effect. Notably, the QAH effect demonstrates substantial promise for applications in
electronic and quantum computing devices with low power consumption. This article focuses on the latest developments
surrounding the QAH effect in magic-angle TBG. It provides a comprehensive analysis of magnetism and topology —
two crucial factors in engineering the QAH effect within magic-angle TBG. Additionally, it offers a detailed overview of
the experimental realization of the QAH effect in moiré superlattices. Furthermore, this review highlights the underlying
mechanisms driving these exotic phases in moiré materials, contributing to a deeper understanding of strongly interacting

quantum systems and facilitating the manipulation of new material properties to achieve novel quantum states.
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1. Introduction

Van der Waals moiré materials, engineered through lat-
tice mismatch in heterostructures or rotational angles in
homostructures of two-dimensional (2D) materials such as
graphene, transition metal dichalcogenides (TMDs), and
hexagonal boron nitride (h-BN), have attracted remarkable at-
tention in recent years. The wavelength of moiré superlattices
can be precisely controlled by selecting suitable 2D materials
with distinct lattice constants or by adjusting the twist angles.
These moiré superlattices introduce an additional degree of
freedom to modulate the properties of 2D materials. Notably,
superlattices with long-wavelength periodicities often give rise
to flat bands at low energy, providing a platform for the emer-
gence of strong electron—electron interactions and a variety of
exotic quantum phenomena. These phenomena include cor-
related insulating states, ferromagnetic states, Chern insulator
states, and superconductivity. !~

Recently, a novel quantum phenomenon in van der Waals
superlattices, known as the quantum anomalous Hall (QAH)
effect, has been observed.!®! The QAH effect is character-
ized by topologically invariant chiral edge states without dis-
sipation, as illustrated in Fig. 1(a). These states offer immense
potential for low-dissipation electronic devices and quantum
computing applications. As a result, the QAH effect has be-
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come a focal point of research in quantum Hall physics. This
phenomenon was first experimentally realized in magnetically
doped topological insulators (TIs).[®! Three-dimensional TIs
exhibit gapless helical surface states with a Dirac-like disper-
sion protected by time-reversal symmetry (TRS), as illustrated
in Fig. 1(b). Magnetic doping breaks TRS, inducing a gap in
TI films and transforming them into QAH systems with chi-
ral edge states. The QAH effect has been observed in mag-
netically doped TIs at extremely low temperatures, typically

n.1%191 Compared to the individual Cr

hundreds of milli-Kelvi
or V doping,[®!"-131 magnetic modulation doping and codop-
ing Cr and V elements in topological insulators were devel-
oped to increase the temperature of QAH effect to about 1—
1.5 K.[I4151" An alternative approach to achieving the QAH
effect was also proposed, which involves utilizing intrinsic
magnetic TIs such as MnBiyTes. The C = 1 QAH effect
was realized in MnBi,Tey at 1.4 K.I”l Additionally, the het-
erostructures formed by MnBi, Te4 with Biy Tes or SbyTes not
only possess robust magnetic order, but also have the poten-

[6-18] For exam-

tial to increase the quantization temperature.
ple, a MnBi; Te4—[Sb,Tes3]sqor. -MnBi; Tes heterostructure was
predicted to increase the magnetic transition temperature to
42 K."8 Above all, achieving full quantization of the QAH ef-

fect at higher critical temperatures remains a significant chal-
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lenge, motivating intense investigations into new systems.
Previous investigations of the QAH effect in TIs have
emphasized the essential role of spin—orbit coupling (SOC),
without considering the impact of electronic correlations.
These correlations have the potential to induce unconventional
quantum phenomena, such as the QAH and fractional quan-
tum anomalous Hall (FQAH) phases.!'%?°] Theoretical stud-
ies predicted that introducing flat bands in magnetic TIs could
foster electron correlations, potentially realizing the FQAH
effect.l'”) The emergence of moiré materials has established
electronic interactions as a promising avenue for realizing
these quantum phenomena. As illustrated in Fig. 1(c), long-
period moiré superlattices exhibit relatively flat bands. When
the kinetic energy determined by the bandwidth is smaller than
the Coulomb interaction energy, electron—electron interactions
become pronounced, leading to a variety of correlated phases,
such as correlated insulators and superconductivity. In partic-
ular, strong interactions between electrons can give rise to or-

bital magnetism and topological properties, both of which are
favorable to achieving QAH and FQAH effects. Among moiré
materials, magic-angle twisted bilayer graphene (TBG) stands
out as an ideal system for exploring these exotic quantum be-
haviors and has garnered extensive research. In this article, we
review recent advance in the QAH effect in TBG, both theo-
retically and experimentally. Initially, the single-particle band
structure of TBG, tuned by twist angles, is briefly introduced.
In the presence of strong correlations, the predicted orbital
magnetism and topologically nontrivial phases in magic-angle
TBG are discussed in Section 3. Subsequently, Sections 4—
6 detail the experimental realization of the anomalous Hall
(AH), QAH, and FQAH effects, respectively, and explore the
underlying mechanisms. Additionally, we summarize various
other 2D systems related to the QAH effect. Finally, we dis-
cuss the challenges and future direction of this dynamic and
promising field of research.

(c) E

Chiral edge states of the QAH effect

Surface states of 3D Tl

Flat bands of moiré materials

Fig. 1. QAH effect, characterized by the opening of an exchange gap, in both magnetic TIs and moiré superlattice systems. (a) QAH effect
with chiral edge states. (b) Surface states of three-dimensional TIs. (c) Flat band structure of moiré materials.

2. Band structure of twisted bilayer graphene

Single-layer graphene, with its honeycomb lattice struc-
ture, is characterized by a linear Dirac cone at low energies.
This feature endows graphene with numerous distinctive prop-
erties, such as high carrier mobility, a non-zero Berry’s phase,
and a vanishing mass of Dirac fermions near the charge neu-
trality point. Consequently, the integer and fractional quan-
tum Hall effects have been observed in single-layer graphene
systems.?12?] In 2005, Kane et al. predicted the possibil-
ity of realizing the quantum spin Hall effect in single-layer
graphene by introducing SOC.!?3! These results suggest that
graphene is an ideal system for realizing quantum Hall-related
states. [23-23]

When two graphene sheets are overlaid at certain twist an-
gles, they form TBG with periodic moiré patterns. The atomic
registry of moiré patterns in TBG ranges from AA, AB, to BA
stacking orders, as shown in Figs. 2(a) and 2(b).1" 1n recip-
rocal space, the intersection of the two Dirac cones results in
the formation of Van Hove singularities (VHSs) flanking the
Dirac point due to significant interlayer interactions, as shown
in Figs. 2(c) and 2(e). [26-29] The energy difference between the

two VHSs is described by the equation AEyys ~ ivpAK — 21,
where AK = 2| K |sin 6/2 is the relative shift of the two Dirac
points in momentum space, Vg is the Fermi velocity, fg rep-
resents the interlayer coupling, and 7 is the reduced Planck
constant. This equation reveals a strong correlation between
AEvys and both tg and the twist angle 6. Experimental evi-
dence has established a robust link between ¢ and interlayer
spacing. Furthermore, it has been observed that AEyys under-
goes large oscillations due to variations in the interlayer cou-
pling at a constant twist angle.’! Notably, AEyys decreases
as the twist angle 6 decreases, as clearly demonstrated by
scanning tunneling microscopy measurements. 231,321
Specifically, when the twist angle is sufficiently small, a
series of twist angles called “magic angles” emerge, such as
1.05°,0.5°, 0.35°, 0.24° and 0.2°.33! The single-particle band
structure of TBG at these magic angles predicts the emergence
of flat bands with nearly no dispersion near the Fermi level, as
shown in Fig. 2(d). The small dispersion signifies that the ef-
fective mass of the electrons is substantially large, resulting in
a small kinetic energy. The band width of flat bands represents
the kinetic energy, denoted by W. The strength of Coulomb in-
teractions can be expressed by the formula U = e?/(47gyg,L),
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where &) and &; are the dielectric constants, e is the electron
charge, and L is the superlattice periodicity of TBG. When
W is smaller than U, the Coulomb interactions dominate the
electronic properties of TBG. The intensity of electronic in-
teractions is influenced by factors such as the bandwidth of
the flat bands, the energy gap between the two flat bands,
and the gap between the flat bands and the higher disper-
sive bands above them.[3**!l These factors are shaped by
various sample-specific details, such as the precise twist an-
gle, stacking configuration and strain.>*>~*4! Notably, the en-
ergy gap between the two flat bands and the higher disper-
sive bands is significantly affected by lattice relaxation. The

w=0

relaxation process is driven by the competition between van
der Waals interaction energy and the elastic energy of TBG.
The resulting lattice reconstruction plays an important role in
creating an energy gap that isolates the flat bands from the
higher energy bands, thereby facilitating the onset of elec-
tronic interactions.*~*°1 Within the realm of electronic inter-
actions, a multitude of correlated states have been realized,
such as correlated insulating states, superconductivity, mag-
netism, and topological phases. The strong electronic inter-
actions in these twisted systems open a novel avenue for the

realization of exotic quantum phenomena.

6 =1.08°

v

2w < fivgk,

2w = hvgk,

Fig. 2. Schematic representation of the TBG structure and electronic properties. (a) Illustration of the moiré pattern formed by the twisted
bilayers. (b) Atomic configuration showing the AA, AB, and BA stacking regions. (c) Schematic image of the Brillouin zone of TBG with
moiré mini Brillouin zone, where K’! and K’? correspond to the adjacent layers. (d) Electronic band structure at the magic angle (6 = 1.08")
showing the flat bands (I5) and the transition points (Ky and K}), with the energy (E) measured in meV. (e) Intersection of the two Dirac cones
changes with the interlayer hybridization w. Reproduced with permission from Ref. [1].

3. Orbital Magnetism in moiré superlattices of
TBG

Graphene served as the inaugural model system for in-
vestigating nontrivial topological states, as first proposed
by Haldane. "] Subsequent advanced theoretical calculations
have suggested that the QAH effect could be realized in
graphene by incorporating exchange coupling and SOC.1-331
However, little progress was made experimentally via this
route due to the very weak SOC of graphene.

Surprisingly, the QAH effect was realized in TBG in com-
bination with orbital magnetism. In TBG, moiré superlattices,
in conjunction with interlayer coupling, induce band folding
and the hybridization of Dirac cones within the mini-Brillouin
zone. At the magic angle, strong interlayer coupling gives rise
to two flat bands. These bands are positioned on either side of
the Dirac point, with one serving as the conduction band and
the other as the valence band. Each band exhibits a fourfold
degeneracy across both spin and valley degrees of freedom.
This degeneracy is symmetry-protected, ensuring its robust-

ness against perturbations. Furthermore, the two valleys are
characterized by Chern numbers of opposite signs. When the
Fermi level lies within the flat bands, the moiré bands are par-

(541 At this juncture,

tially filled, leading to symmetry breaking.
TRS is broken, and valley polarization potentially leads to or-
bital ferromagnetism.

Numerous calculations have demonstrated the presence
of orbital magnetism and/or non-zero valley Chern numbers
in magic-angle TBG.!3-%%] Kang et al. reported that the in-
terplay between Coulomb interactions and the kinetic energy
of magic-angle TBG is crucial for understanding the corre-
lated states. In the strong coupling regime, the Hamiltonian is
simplified by considering only the interaction terms, with the
kinetic energy treated as a perturbation.!%*! This approach re-
veals that the effective Coulomb interaction, when projected
onto the flat bands of TBG, can lead to symmetry-broken
phases. For example, at 1/8 filling, an insulating stripe SU (4)
ferromagnetic phase is possible, as shown in Figs. 3(a) and
3(b). Calculations by Xie et al. indicate that gapped states can
form between the two flat bands at specific moiré band fillings

047301-3



Chin. Phys. B 34, 047301 (2025)

(p/4, where p < 4 is an integer), as shown in Fig. 3(c).1o4

Their theory suggests that at fillings of 1/4 and +3/4, these
gapped states may break the valley-projected C>T symmetry.
The valleys exhibit the strongest possible polarization, which
has significant implications for the occurrence of quantized
AH effects.

Energy (meV)

Fig. 3. Ferromagnetism in magic-angle TBG. (a) Mathematical representa-
tion of the SU (4) ferromagnetic phase at 1/4 filling, where spin nonmag-
netism is present. (b) The stripe SU (4) ferromagnetic insulator phase at 1/8
filling. (c) Band structure of magic angle TBG at 1.1° and € = 5. The band
structure is shown in red where C;, and TRS are preserved, and in blue where
they are broken. The inset shows the moiré Brillouin zone and symmetry
lines for the energy bands. (a) and (b) Reproduced with permission from
Ref. [63]. (c) Reproduced with permission from Ref. [64].

4. AH effect in moiré superlattices of TBG

Although calculations have shown the potential for fer-
romagnetism and topologically nontrivial states in TBG in-
duced by electron interactions, realizing the QAH effect re-
mains challenging due to the difficulty in fabricating high-
quality samples. The largest magic angle is approximately
1.08°, which is still difficult to achieve with high preci-
sion. TBG samples synthesized via chemical vapor deposition
(CVD) and molecular beam epitaxy (MBE) typically exhibit

32.05.661 3 result of the structural in-

fewer magic-angle grains,|
stability at the relatively high total energy state characteris-
tic of the magic-angle configuration. Currently, the fabrica-
tion of magic-angle TBG devices is most commonly accom-
plished through mechanical exfoliation using the “tear-and-

e.l:67-701 Thjs method allows for the creation

stack” techniqu
of TBG over large areas, with the specific size depending on
the details of the fabrication process. However, this process
is inevitably accompanied by bubbles and folds, which can
lead to local strain, disorder, and trapped charges. Local strain
introduces inhomogeneity of twist angle and can also affect
the width of the flat bands.[*>*3! Therefore, fabricating high-
quality samples with homogeneous properties is essential for
the emergence of strong correlations and the realization of the
QAH effect.

In 2019, David et al. realized the AH effect near three-

quarters filling (3/4) of the conduction miniband in magic-

angle TBG devices with a twist angle of 1.2°. In TBG aligned
with h-BN configurations, transport measurements revealed a
hysteretic behavior in an applied out-of-plane magnetic field
below 5 K, as shown in Figs. 4(a) and 4(b). The measurement
of the transverse resistance (Ryy) exhibited significant AH re-
sistance when the magnetic field was set to zero, indicating
remanent magnetization, as shown in Fig. 4(a). The presence
of a giant AH effect reflects the sample’s magnetization, while
a decrease in longitudinal resistance suggests the emergence
of a Chern insulating phase. Furthermore, non-local transport
measurements, including three-terminal and four-terminal re-
sistances (Figs. 4(c) and 4(d)), provided evidence of chiral
edge modes, which are characteristic signatures of a ferromag-
netic topological insulator. Although some dissipation was
observed, the potential for a giant AH resistance was demon-
strated, supporting the possibility of a QAH effect in this sys-

tem.
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Fig. 4. Ferromagnetism and AH effect in TBG aligned with h-BN.
(a) Plot of longitudinal resistance (upper panel) and Hall resistance
(lower panel) as a function of magnetic field strength (B). (b) Hall
resistance as a function of magnetic field strength (B) at various tem-
peratures, indicated by the legend. The hysteresis loop diminishes as
the temperature increases. Nonlocal transport measurements of three-
terminal resistances (c¢) and four-terminal resistances (d). The inset im-
ages show diagrams of the corresponding experimental setups. Repro-
duced with permission from Ref. [5].

In theory, the realization of the QAH effect necessitates
the formation of a Chern insulator state with a topologically
nontrivial energy gap. As discussed in Section 2, lattice re-
construction effectively isolates the flat bands from higher en-
ergy bands. Moreover, the alignment of TBG devices with h-
BN creates an energy gap between the conduction and valence
bands, while assigning opposite Chern numbers to different
valleys. At three-quarters filling of the conduction miniband
in magic-angle TBG, TR symmetry, correlated with spin and
valley degrees of freedom, undergoes spontaneous breaking.
This phenomenon is pivotal to the realization of the QAH ef-
fect. Several theoretical frameworks have been proposed to

s [71-73

elucidate the experimental finding I For instance, Nick

et al. employed the lowest Landau level model to highlight
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the coupling between magic angle TBG and the encapsulat-
ing h-BN substrate. This configuration breaks the inherent
180° rotational symmetry (C;,) of graphene, resulting in two
Chern bands per valley. The two valleys carry opposite Chern
numbers, with total Chern numbers C = 0, protected by TRS.
When the TRS is broken by the spontaneous polarization of
holes in spin and valley, induced by strong electron—electron
interactions, the net Chern numbers C # 0, leading to the ap-
pearance of the AH state. Shortly thereafter, the AH effect was
observed at more filling factors (v =1 and +2),174-761 even in
TBG devices not aligned with h-BN.[74I In TBG without align-
ment with h-BN, strong electron interactions alone can also
result in the nonzero Chern insulators at zero field.’*! Addi-
tionally, theoretical calculations have predicted the existence
of both integer and fractional QAH effects in TBG aligned
with h-BN.171.72.77]

5. QAH effect in moiré superlattices of TBG

The transverse resistance of the QAH phase can be ex-
pressed as R = h/(Ce?), where h is Planck’s constant, e is the
electron’s charge, and C is the Chern number, which arises
from the integral of the Berry curvature over the energy bands.
Further research on a more uniformly aligned magic-angle
TBG/h-BN device with a twist angle of 1.15°, characterized
by enhanced consistency in twist angle and charge distribu-
tion, successfully realized the QAH effect. [78] This work re-
vealed a precisely quantized R,, equivalent to h/e* with a
Chern number C = 1 near the 3/4 filling. Additionally, a sup-
pression of the longitudinal resistance R, was observed even
at B = 0 at this filling, confirming the existence of an integer
quantum Hall insulator that integrates magnetism with non-
trivial topological states, as shown in Figs. 5(a) and 5(b). In
the single-particle band structure, each valley in graphene pos-
sesses bands with a finite Chern number; however, the overall
Chern number for the entire system is zero. Strong correla-
tions result in the spontaneous breaking of spin—valley sym-
metry, leading to an effective total Chern number of C = 1 and
the emergence of orbital magnetism. Consequently, in con-
trast to magnetically doped TIs, electron interactions in flat-
band systems play a crucial role in tuning both the topological
states and magnetism — two essential ingredients in engineer-
ing the intrinsic QAH effect.

Additionally, temperature-dependent resistance measure-
ments indicated that the quantized R,, remains stable below
3 K, while the hysteresis persists up to 8 K, which aligns with
the Curie temperature of 7.5 K associated with magnetic order-
ing, as shown in Fig. 5(c). These temperature-dependent be-
haviors are different from those observed in conventional sys-
tems of magnetically doped topological insulator films. The
distinct characteristics of the QAH phase in flat-band systems

suggest that electronic interactions play a key role in realizing
the QAH effect at higher temperatures.

v
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Fig. 5. QAH effect in TBG aligned with h-BN. (a) Longitudinal resistance
Ry (red) and Hall resistance R,y (blue) as functions of carrier density n at a
magnetic field of 150 mT. As the filling factor v approaches 3, Ry, attains a
quantized value of /1/e? and R, approaches zero, signaling the emergence of a
chiral edge state. (b) Dependence of both the longitudinal resistance and Hall
resistance (Ryy) on the magnetic field, measured at n = 2.37 x 10'2 cm~2 and
T = 1.6 K. The Hall resistance Ry, shows hysteresis and maintains a quantized
value of h/e2 even at B = 0. (c) Field-training symmetrized Hall resistance
R,y as a function of temperature at zero magnetic field. Ry, remains quantized
below 3 K. Reproduced with permission from Ref. [78].

6. FQAH effect in other moiré systems

The integer QAH states have been realized in mag-
netically doped TIs,[®! intrinsic magnetic TIs, such as
MnBi;Teg,!”! and moiré superlattices including TBG/h-BN
and heterobilayer TMDs. 821 However, the realization of
FQAH effects remains a challenge due to the difficulty in iden-
tifying materials that exhibit both ferromagnetism and frac-
tional Chern insulating behavior. Among the systems, frac-
tional Chern insulator states have been successfully demon-

183841 Moreover,

strated in moiré superlattice configurations.
although the moiré superlattice systems lack intrinsic mag-
netic properties in terms of their single-particle band structure,
Coulomb interactions among electrons within the flat bands
can lead to the emergence of ferromagnetic states and non-
trivial topological features. Given the strong electronic corre-
lations present in moiré systems, the realization of the FQAH
effect in low-dimensional moiré materials is considered highly
promising.
Xu et al.
layer MoTe, with a 3.7° twist angle and observed fractional

fabricated twisted moiré superlattices of bi-

Chern insulator characteristics in the absence of a magnetic
field, indicative of the FQAH effect. These observations were
made using photoluminescence and optical compressibility
measurements, as shown in Figs. 6(a) and 6(b).[7 They as-
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sessed the ferromagnetism and subsequently demonstrated the
topological invariants of the ferromagnetic insulating states at
fractional fillings. The reflective magnetic circular dichroism
(RMCD) signal exhibited a non-zero intensity at zero mag-
netic field, along with a hysteretic response to the external
magnetic field at fillings of —1,—2/3, and —3/5, suggesting
the presence of ferromagnetism at these fillings. The photo-
luminescence intensity revealed linear dispersions with carrier
density and magnetic field, particularly at the aforementioned
fillings, persisting down to zero magnetic field. In accordance
with the Stfeda formula, the Chern numbers of —1,—2/3, and
—3/5 were extracted, and found to be consistent with both in-
teger QAH and fractional QAH states. Although RMCD can-
not directly provide the fractional quantized Hall conductance
at zero magnetic field, it has demonstrated all the characteris-
tics of the FQAH effect, including ferromagnetic states, topo-
logically nontrivial states, and fractional insulating states at
fractional filling factors v = —2/3 and v = —3/5.

The FQAH effect in twisted MoTe, was soon directly
demonstrated by transport measurements.3%831 For example,
Xu et al. observed Hall resistances of h/e?, 3h/e* and
3h/(2¢*) with a Curie temperature of approximately 4 K,
down to zero magnetic field in twisted MoTe; with a twist

angle 3.7°, as shown in Fig. 6(c). The fractional Chern num-
ber, expected from the Streda formula, was |C|= 0.6 40.05,
consistent with the anticipated |C| = 2/3. Meanwhile the lo-
cal minimum of the longitudinal resistance indicated the emer-
gence of chiral edge states. The applied vertical electric dis-
placement field can tune the spontaneous TRS breaking and
topologically trivial or nontrivial states. These evidences fur-
ther demonstrate the robustness of the FQAH effect in the
moiré superlattices of twisted MoTe,.

Subsequently, the FQAH effect was also discovered in
a graphene-based moiré system, specifically, rhombohedral
pentalayer and hexalayer graphene/h-BN.[81:86.871 Additional
fractional quantized Hall states were observed at filling fac-
tors of v =2/5,3/7,4/9,4/7,3/5,2/3,5/7,3/4 and 7/9, at-
tributable to the high material quality of the graphene-based
moiré sample, as depicted in part of Figs. 6(d) and 6(e). The
number of low-dimensional systems capable of exhibiting the
QAH effect is rapidly increasing. In Table 1, we summarize
these low-dimensional systems, including moiré and other flat-
band systems. The checkmarks denote phases that have been
successfully realized in experiments. Importantly, our sum-
mary may not include all possibilities due to the rapidly devel-
oping nature of this field.
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Fig. 6. FQAH effect in twisted MoTe, with twist angle 3.7° and graphene-based moiré system. (a) Coercive field poH and Curie temperature 7¢ as
a function of filling factors v. (b) Integrated PL intensity as a function of coercive field uoH and carrier density n. (c) Hall conductivity o, versus
v at 600 mK, 900 mK, and 1.2 K with the vertical electric displacement field D = 5 mV /nm. The obvious plateaus emerge near v = —1 and —2/3.
(d) Longitudinal R, (red) and Hall resistances Ry, (blue) as functions of the carrier density n. Fractional Hall resistances emerge at filling factors v of
2/5,3/7,4/9,4/7,3/5 and 2/3. (e) Ryx and Ry, show magnetic hysteresis at v=2/5,3/7,4/9,4/7,3/5 and 2/3. (a), (b) Reproduced with permission
from Ref. [79]. (c) Reproduced with permission from Ref. [80]. (d), (e) Reproduced with permission from Ref. [81].
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Table 1. An overview of the QAH related states realized in moiré and other 2D materials.

System(s) AH effect IQAH effect FQAH effect Refs.

Magic angle twisted bilayer graphene/h-BN Vv V4 - [3,5,74-76,78]
Twisted monolayer-bilayer graphene Vv Vv - [88-90]
ABC-trilayer graphene/h-BN Vv - - [91]

Bernal tetralayer graphene Vv - - [92]
Rhombohedral tetralayer graphene/h-BN - Vv V4 [87,93]
Rhombohedral pentalayer graphene/h-BN - V4 V4 [81,87,94]
Rhombohedral pentalayer graphene/WS, without moiré - V4 - [95]
Rhombohedral hexalayer graphene/h-BN - Vv 4 [86]

Twisted bilayer MoTe, (4°) - vV V4 [79,80,85,96]
Twisted bilayer WSe, - V4 - [97]
AB-stacked MoTe,/WSe; - N4 - [82]

7. Conclusion and perspectives

The QAH effect holds significant potential for practical
applications, particularly in the realm of low energy devices,
owing to its dissipationless chiral edge states. Recently, sub-
stantial progress has been made in realizing the QAH effect.
In this review, we have discussed the evolution of the QAH
effect in the prototypical moiré material, TBG aligned with h-
BN. The structure and electronic properties of moiré materials
can be significantly manipulated by adjusting the twist angles
and interlayer coupling, resulting in a wide range of electronic
behaviors. Notably, the long-range superlattices in these mate-
rials give rise to flat bands, which, in the case of magic-angle
TBG, enable the realization of multiple correlated quantum
phases due to strong electronic correlations. In TBG aligned
with h-BN, the strong correlations, lattice reconstruction, and
broken rotational symmetry facilitate the emergence of topo-
logically nontrivial states and ferromagnetism. Furthermore,
more exotic quantum phases, such as the FQAH effect, have
been successfully realized in moiré materials. Table 1 summa-
rizes the various exotic quantum states associated with QAH
states in moiré and other flat-band systems. Notably, this table
may not encompass all possibilities, as the rapidly evolving
nature of the field may give rise to new theoretical insights.

Despite the significant progress in realizing the QAH
phase in moiré materials, challenges remain for further ad-
vancements. First, there is a need for high-quality moiré
samples.[”® Samples produced by mechanical exfoliation are
often small and exhibit inhomogeneous twist angles, and suf-
fer from strain. What’s more, mechanically exfoliated samples
have poor repeatability. More reliable methods, such as MBE
or CVD, are needed to grow samples in-situ, with precise twist
angles. Second, the temperature at which the QAH phase oc-
curs is limited to a few Kelvins, which remains impractical for
applications. The temperature at which the QAH effect is re-
alized in magic-angle TBG aligned with h-BN coincides with
the Curie temperature for magnetic ordering, presenting an op-
portunity to enhance this temperature through the optimization
of moiré systems. Third, the potential emergence of Majo-
rana zero modes within topological superconductors is an ex-

citing avenue of research. This achievement could be realized
at the interface between superconducting and QAH states. %"
Recent breakthrough by Choi et al. demonstrated the electrical
tunability of both superconducting and QAH states in rhombo-
hedral tetralayer graphene, highlighting the potential for such

(93] There is growing optimism that, in the near future,

systems.
proximity effects could enable the realization of topological
superconductors in low-dimensional moiré systems. Finally,
the realization of FQAH effect provides us with an opportunity
to investigate charge fractionalization, braiding (non-)Abelian
anyons and topological quantum computation.

Thus far, the QAH phase has been realized in three sys-
tems: TIs with magnetic doping, MnBi;Tes; with intrinsic
magnetism, and moiré materials with intrinsic magnetism.
Uniquely, in moiré materials, the magnetism arises from or-
bital magnetism due to strong electronic correlations. The
discovery of the QAH effect in TBG aligned with h-BN has
opened new frontiers in the exploration of magnetic topologi-
cal insulator phases driven by electronic correlations in moiré
systems. Two-dimensional van der Waals materials provide an
extensive materials platform for assembling moiré systems. In
this context, there is a good possibility of identifying new ma-
terials that combine ferromagnetism with topological phases.
These materials may realize the QAH and FQAH effects at
elevated temperatures, bringing their application closer to re-
alization.
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