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Abstract: Recent years have seen the emergence of moiré materials as an attractive platform for
observing a host of novel correlated and topological phenomena. Moiré heterostructures are gen-
erated when layers of van der Waals materials are stacked such that consecutive layers are slightly
mismatched in their lattice orientation or unit cell size. This slight lattice mismatch gives rise to a
long-wavelength moiré pattern that modulates the electronic structure and leads to novel physics.
The moiré superlattice results in flat superlattice bands, electron–electron interactions and non-trivial
topology that have led to the observation of superconductivity, the quantum anomalous Hall effect
and orbital magnetization, among other interesting properties. This review focuses on the experi-
mental observation and theoretical analysis of orbital magnetism in moiré materials. These systems
are novel in their ability to host magnetism that is dominated by the orbital magnetic moment of
Bloch electrons. This orbital magnetic moment is easily tunable using external electric fields and
carrier concentration since it originates in the quantum anomalous Hall effect. As a result, the orbital
magnetism found in moiré superlattices can be highly attractive for a wide array of applications
including spintronics, ultra-low-power magnetic memories, spin-based neuromorphic computing
and quantum information technology.

Keywords: two-dimensional materials; van der Waals materials; spintronics; magnetism; topology;
moiré materials; orbital magnetism; anomalous Hall effect; Chern insulators

1. Introduction

Moiré superlattices in heterostructures of van der Waals materials have emerged as
a powerful platform for the design and exploration of novel material physics. These are
materials in which successive layers of 2D materials show a slight mismatch between
their lattice constants or lattice orientations. This mismatch between lattices gives rise
to a long-wavelength moiré pattern that modulates the overall electronic structure and
leads to the emergence of superlattice minibands within a smaller Brillouin zone. Figure 1
depicts the schematic of a moiré material, i.e., twisted bilayer graphene (Figure 1b), the mini
Brillouin zone of the moiré lattice (Figure 1c), the moiré pattern in real space (Figure 1d)
and the superlattice minibands (Figure 1e).

In 2010, it was discovered that introducing a rotational twist between the crystal
orientations of two graphene layers stacked atop one another can drastically change the
electronic properties of the material [1]. In 2016, accurate control of this twist angle was
realized [2], resulting in a precisely engineered moiré superlattice. In 2011, the moiré
superlattice of magic-angle-twisted bilayer graphene (TBG), in which one monolayer
graphene sheet is stacked on top of another with a relative twist angle of approx. 1◦,
was predicted to host “flat” bands of ~10 meV bandwidths with zero velocity at certain
magic angles [3] (shown in Figure 1e), which was substantiated by subsequent theoretical
studies [4,5]. Since then, a plethora of studies on moiré superlattices have shown the
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emergence of an array of novel electronic properties. Table 1 lists different types of moiré
structures, their material realizations and their properties.

Table 1. Table detailing a list of moiré materials and their properties.

Moiré Type Moiré Material Model Moiré Properties

Twisted graphene
homobilayer Twisted bilayer graphene Two-orbital extended

Hubbard model [6]

Mott insulation [7];
superconductivity [8];

correlated quantum anomalous
Hall (QAH) insulator [9]

Twisted transition metal
dichalcogenide (TMD)

homobilayers

Twisted bilayer MoS2; MoSe2
Asymmetric px–py Hubbard

model [10] Nematic (anti)ferromagnets [10]

Twisted bilayer WS2, WSe2 Hubbard model [11] Correlated insulator [12]

Twisted bilayer WTe2
Inverted band insulator;

strong spin-orbit coupling [11]

Quantum spin Hall insulator;
fractional Chern/topological

insulator [11]

Twisted graphene
heterobilayer

Graphene/hexagonal boron
nitride (hBN)

Two-orbital extended
Hubbard model [6]

Mott insulation [7];
superconductivity [8];

correlated QAH insulator [9]

Twisted TMD heterobilayers

Twisted heterostructures of
MoS2, WS2, and WSe2

Doped multi-orbital Hubbard
models [11] Moiré excitons [13,14]

Twisted WS2/WSe2
heterostructures Hubbard model [11] Correlated insulator [12];

Wigner crystals [15]

Twisted graphene
multilayers

Twisted double bilayer
graphene

Two-orbital extended
Hubbard model [11]

Ferromagnetic insulator
superconductivity [16,17]

Aligned ABC trilayer
graphene on boron nitride Honeycomb Correlated Chern insulator [18];

Orbital magnetism [19]

Twisted monolayer-bilayer
graphene Honeycomb

Quantized anomalous Hall
effect and electrically tunable

magnetism [20]

Twisted TMD multilayers Twisted double bilayers of
WSe2 110 Hubbard model [11] Correlated insulator [12]

Moiré materials can be designed with specific values of interlayer rotational alignment
such that the lowest energy bands develop bandwidths that are significantly smaller than
the native scale of electron–electron interactions. The physical origin of these “flat” moiré
bands lies in the localization of electrons by the periodic moiré lattice potential.

The dominant interactions in these flat moiré bands are electron–electron correlations
due to the reduced kinetic energy of electrons [21], resulting in the appearance of “correlated
insulator” states. These have been experimentally observed at integer electron or hoe filling
of the moiré unit cell, resulting from the interaction-induced breaking of one or more of the
spin, valley, or lattice symmetries [22]. Experimental realizations have also been made at
fractional fillings of bands in TBG with a moiré twist angle of ∼1.1◦ [7,23], ABC-trilayer
graphene/hBN [24,25] twisted double-bilayer graphene systems (TDBG) [16,26–29] and
moiré WSe2 [12].

Moiré materials also demonstrate novel topological states. For instance, TBG was theo-
retically predicted to host fragile topology [30,31] and was experimentally shown to demon-
strate Hofstadter spectra at strong magnetic fields [32,33]. One of the topological states
of interest is the quantized anomalous Hall effect [34], which occurs in two-dimensional
insulators whose bands have finite net Chern numbers and requires broken time-reversal
symmetry. In graphene-based systems, Chern bands arise innately upon the breaking of
sublattice symmetry, which results in a massive Dirac spectrum [20]. However, in systems
without electron correlations, bands from the two inequivalent valleys at opposite corners
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of graphene’s hexagonal Brillouin zone are required by time-reversal symmetry to acquire
equal and opposite Chern numbers, resulting in a net zero Chern number. In graphene-
based moiré superlattices, the superlattice bands can inherit the non-zero Chern numbers
that originate in the Berry curvature of the monolayer graphene Dirac points [35,36]. For
certain twist angles, as the superlattice bands become flat, electron correlations become
relatively dominant and lead to symmetry breaking which results in an observable QAH
state with a finite net Chern number. This state is manifested primarily as resistivity peaks
at integer fillings of normally fourfold degenerate superlattice bands [3,24]. Figure 2 shows
experimental results demonstrating a QAH state in TBG aligned to hexagonal boron nitride
with θ ≈ 1.15 ± 0.01◦ and with filling factor ν = 3, as reported in ref. [37].
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marked. Distances are measured in units of kθ−1, with kθ = 2 kD sin(θ∕2), kD being the Dirac wave vector. 
(e) Electronic structure of magic-angle TBG with (θ = 1.08°), calculated using an ab initio tight-bind-
ing method. The flat bands are shown in blue. Panels (a-c and e) are taken from ref. [7], and (d) is 
taken from ref. [3]. 
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Figure 1. Schematic of the moiré pattern and the electronic structure. (a) Schematic of a TBG
device. The TBG forms the device channel and is fabricated on a SiO2/Si substrate with hBN as a
capping layer. S and D label the source and drain, respectively, and Vg represents the gate voltage.
Conductance of the device is measured while varying Vg. (b) Schematic of the moiré twist between
graphene layers with twist angle table and moiré wavelength λ = a/[2sin(θ/2)], where a = 0.246 nm is
the lattice constant of graphene. (c) The mini Brillouin zone of the TBG which is constructed from
the difference between K1 and K2 (or K′1 and K′2), where K1 and K2 form the wavevectors for the
individual graphene layers comprising TBG. (d) Moiré pattern in TBG, with stacking regions (AA,
AB and BA) marked. Distances are measured in units of kθ

−1, with kθ = 2 kD sin(θ/2), kD being the
Dirac wave vector. (e) Electronic structure of magic-angle TBG with (θ = 1.08◦), calculated using an
ab initio tight-binding method. The flat bands are shown in blue. Panels (a–c,e) are taken from ref. [7],
and (d) is taken from ref. [3].

In addition to demonstrations of the QAH state, the spontaneous breaking of time-
reversal symmetry [38–44] has also been reported to result in orbital ferromagnetism in TBG
aligned to hBN [9,37], rhombohedral trilayer graphene also aligned to hBN [18] and twisted
monolayer-bilayer graphene (tMBG) [20,45]. In contrast to magnetically doped topological
insulators in which the quantum anomalous Hall effects originates in the large spin–orbit
coupling of topological insulators, graphene moiré systems have negligible spin–orbit
coupling, and thus the magnetism in these moiré systems is thought to be primarily orbital,
causing these systems to be labeled “orbital Chern insulators” [20].

Built from layers of two-dimensional materials, moiré materials demonstrate high
degrees of control and tunability of their properties. For instance, in graphene-based moiré
heterostructures, the band topology can be designed by varying the number of graphene
layers and the details of the external environment, such as the neighboring crystals [45].
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Figure 2. Experimental results on the quantized anomalous Hall effect in twisted bilayer graphene
at 1.6 K. (a) Plot of the Hall resistance Rxx and Rxy, plotted while the external magnetic field at B
is swept, keeping n = 2.37 × 1012 cm−2, with the sweep direction shown in arrows. The figure
shows the switching of Hall resistivity between +1 and −1 as the external magnetic field is changed.
(b) Schematic of the moire band structure at full filling of a moiré unit cell, ν = 4 (above) and ν = 3
(below). A net Chern number of 1 is observed at ν = 3 which accounts for the quantized anomalous
Hall effect shown in (a). Figure is adapted from ref. [37].

Recent years have seen a multitude of reviews on moiré materials that comprehen-
sively cover a range of moiré systems and discuss their fabrication techniques [46], present
a brief overview of their novel properties [47] and discuss moiré pattern-modified elec-
trical properties [48] and electronic and excitonic properties in moiré systems [49]. In
contrast, this review focuses on the recently discovered orbital magnetism in moiré ma-
terials, especially in graphene-based moiré systems. This review paper is structured as
follows. Section 2 describes experimental discoveries pertaining to orbital magnetization in
moiré heterostructures, Section 3 details the theoretical studies of the same, and Section 4
discusses possible technological applications of orbital magnetization as well as future
research directions.

2. Experimental Discovery of Orbital Magnetism

Orbital magnetization in crystals arises from the Berry curvature of the bands and the
orbital angular momentum of the Bloch electron wave packet [50]. While orbital magneti-
zation was known to contribute to total magnetism in materials, ferromagnetism typically
also included contributions from the electron spin [22]. Ferromagnetism was recently
reported in TBG over a range of carrier densities around 3/4 filling of the conduction
band [9,37]. Additional experiments on hysteretic transport in moiré heterostructures
composed of graphene and hexagonal boron nitride [18,20,45] also point to ferromagnetic
order in these materials, despite none of these materials being intrinsically magnetic. The
negligible spin–orbit coupling rules out contributions from the spin angular momentum
of electrons. Therefore, these results are thought to demonstrate the emergence of purely
orbital ferromagnetism in moiré materials [38–44,51].

In general, magnetism in materials is composed of two components, i.e., the spin and
the orbital contributions [52]. While the spin magnetic moment originates in the electron
spin quantum number, the orbital magnetic moment arises from the Berry curvature of the
Bloch bands and the orbital angular momentum of the Bloch electron wave packet [50]. In
general, ferromagnets have nonzero contributions from both spin and orbital magnetism.
In most ferromagnets, the spin magnetic contribution is dominant, and magnetism is pre-
dominantly a result of spontaneous spin alignment driven by exchange interactions. This
alignment breaks spin rotational invariance and leads to a nonzero, spatially averaged spin
moment density [53]. For most ferromagnets, in comparison to the dominant spin contribu-
tion, orbital magnetism plays a secondary role and acts as a small, parasitic contribution to
magnetization from orbital currents [53]. As a result of its dominant presence, spin magne-
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tization has been extensively studied and is relatively well understood [52]. In contrast, the
study of orbital magnetization, called the modern theory of orbital magnetization, is rela-
tively new [50,54]. Both spin and orbital magnetization can be measured separately using
magnetomechanical [55] or magnetic circular dichroism measurements [56]. The conditions
for hosting a purely orbital ferromagnetic order include the presence of a time-reversal sym-
metric electronic degree of freedom in addition to strong electron correlations, while a spin
magnetic order does not require the presence of electron correlations [22]. When comparing
the magnitudes of magnetization densities observed from spin and orbital contributions,
the magnetization density (m) of one orbital moment per superlattice cell is reported to
be m . 0.1 µB/nm2 for ABC trilayer graphene/hexagonal boron nitride [18] (where µB is
the Bohr magneton and µB ≈ 0.06 meV/T) This magnetization density is more than three
orders of magnitude smaller than that seen in typical spin-based magnetic systems [22].
Finally, while electric field control of spin-based magnetism is difficult to achieve, electric
control of orbital magnetism in moiré materials is relatively straightforward, with multiple
experimental reports of the same, for instance the electric-field-induced reversal of the
magnetic state shown in tMBG [20].

2.1. Twisted Bilayer Graphene

Orbital ferromagnetism was initially reported in TBG at 3/4 filling of the conduction
band accompanied by a giant anomalous Hall (AH) effect that displayed hysteresis in the
magnetic field, with the hysteretic anomalous Hall effect as large as 10.4 kΩ [9]. The study
thus suggested that at 3/4 filling, TBG is a correlated Chern insulator. In addition to the
novel properties observed at 3/4 filling, the study also showed high resistance states at
1/4 and 1/2 fillings of the moiré Brillouin zone (mBZ) that correspond to one and two
electrons per superlattice unit cell, respectively. These states had been previously attributed
to correlated insulating states [8,23].

Later measurements demonstrated the presence of a quantum anomalous Hall state in
TBG with a longitudinal resistivity of 10 Ω [37]. This was shown to be a Chern insulator with
a Chern number of 1 at 3/4 filling [37]. Subsequent measurements with a superconducting
quantum interference device (SQUID) reported the value of orbital magnetization to be
approximately 2–4 Bohr magnetons per moiré unit cell [22]. Figure 3 shows experimental
images of orbital magnetization in TBG at 2.1 K, measured using spatially resolved SQUID
magnetometry [22]. This value is markedly larger than the expected spin contribution
of 1 Bohr magneton per moiré unit cell, suggesting a strong orbital component to the
total magnetization [21]. Additionally, magnetization in TBG is observed to be highly
anisotropic, which can be explained by the electron currents circulating in-plane of the
orbital magnet [21]. This result also precludes a strong spin contribution to magnetization
as the latter is isotropic and spin–orbit coupling in graphene is very small.

Importantly, these experiments also showed that the orbital magnetization can be
switched by driving very small DC currents (ranging from 10 to 50 nA) through the TBG
samples [9,37]. The current required for switching magnetization is orders of magnitude
smaller than the current used in spin torque devices today [57]. The mechanism for this
highly efficient current-driven magnetization reversal was presented in [58]. Here, the
authors note that in magic-angle TBG, due to the large Berry curvatures of the flat moiré
superlattice bands, the orbital magnetic moments carried by the Bloch electrons can be
quite large (~tens of Bohr magnetons per electron). Additionally, the breaking of symmetry
from the neighboring hBN layer allows a for small, externally applied electric current to
induce a large orbital magnetization. This induced orbital magnetization then couples with
the bulk magnetization of the TBG sample, facilitating energy-efficient electrical control of
magnetization [58].
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Figure 3. Imaging orbital magnetization in TBG. (a) Hall resistance at T = 2.1 K of a TBG device
aligned to hexagonal boron nitride measured with electron density n = 2.36 × 1012 cm−2. Inset:
optical micrograph of the TBG device with the scanned region outlined in red. (b) Schematic
of the experimental setup for imaging the orbital magnetization using spatially resolved SQUID
magnetometry. A nanoscale indium SQUID with diameter d = 215 nm is placed above the plane
of TBG at a height of h ≈ 140 nm. The SQUID is coupled to a quartz tuning fork, and the former’s

response is measured at frequency BTF ≈ â.
→
∇rBz, where Bz represents the static magnetic field and

ˆ|a| ≈ 189 nm is the tuning fork oscillation amplitude. (c,d) BTF measured using B = 22 mT after field
training to (c) +200 mT and (d) −200 mT. (e) The gradient magnetometry signal originating in the
fully polarized orbital ferromagnet, obtained by taking the difference in data from (c) and (d) to
remove magnetic contributions from electric fields and thermal gradients. Color scale for (c–e) is
shown above panel (e). (f) The static out-of-plane magnetic field Bz, calculated by integrating data in
(e). (g) Magnetization density m. Data are plotted in units of Bohr magnetons per moiré unit cell area
A ≈ 130 nm2. (h) Magnetic field BTF and (i) magnetization m plotted along the indicated contours in
(e,g). Figure is adapted from ref. [22].

Further examination of the orbital magnetic state in TBG for a twist angle of θ∼1.68◦

showed that the orbital magnetic moment was generated by the moiré-scale current loops
in the Chern insulator state [59]. In the presence of external magnetic fields, the study
reported a large and linear response of valley splitting arising from the coupling of the
large orbital magnetic moment induced by chiral current loops with the magnetic field.
The orbital magnetic moment was reported to be about 10.7 µB per moiré supercell [59].

2.2. Aligned ABC Trilayer Graphene on Boron Nitride

Reports of orbital magnetization in TBG inspired further examination of other mem-
bers of the family of moiré heterostructures. Among these, ABC trilayer graphene aligned
to a hexagonal boron nitride (ABC-TLG/hBN) moiré superlattice attracted particular inter-
est because it features nearly flat moiré minibands with a valley-dependent and electrically
tunable Chern number [35,60]. The authors of [18] reported the experimental observation of
a correlated Chern insulator in an ABC-TLG/hBN moiré superlattice. For 1/4 filling of the
superlattice bands, which corresponds to one hole per moiré unit cell, the Hall resistance
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was quantized at h/2e2 (where h is Planck’s constant and e is the charge on the electron),
indicating the Chern number C = 2 for an external magnetic field exceeding 0.4 Tesla. The
correlated Chern insulator was found to persist to zero magnetic field, spontaneously
breaking the time-reversal symmetry and generating valley-flavor ferromagnetism at 1/4
filling. This orbital ferromagnetic state exhibited considerable magnetic hysteresis and
a large anomalous Hall signal at zero external magnetic field. The Chern insulator state
was also tunable as reversing the direction of an applied vertical electric field switched the
moiré minibands of ABC-TLG/hBN between zero and finite Chern numbers.

Expanding upon previous discoveries of Chern insulator and orbital ferromagnetic
states in moiré superlattices at integer fillings, the authors of [19] recently reported ferro-
magnetism even at non-integer-filling (NIF) of a flat Chern band in a ABC-TLG/hBN moiré
superlattice. Experimental observations showed marked hysteretic behavior with a large,
anomalous Hall resistivity in a broad region of densities centered in the valence miniband
at a carrier density n of 2.3 holes per moiré unit cell [19]. This remarkably large, anomalous
Hall signal could be tunable not only in magnitude but also in sign by altering the carrier
density and the displacement field. The observed high anisotropy of the ferromagnetic
state indicates that it is likely purely orbital in character [19]. The authors explained their
observations by proposing either an incipient Chern insulator state or a conductive orbital
ferromagnetic state [19].

2.3. Twisted Monolayer-Bilayer Graphene

Among graphene-based moiré heterostructures, tMBG is known to be a particularly
rich system due to its low crystal symmetry and the tunability of its bandwidth using an
external electric field [61].

The tMBG moiré consists of a triangular lattice of ABB-stacked regions interspersed
with more structurally stable ABA and ABC regions, with the wavefunctions of the low-
energy bands localized near the ABB regions [20]. For a twist angle of θ = 1.25◦, the authors
of [20] reported a QAH with the emergence of a single spin- and valley-polarized band
at odd integer filling and Chern number C = 2. The band structure of tMBG originates in
the moiré-induced hybridization of the monolayer graphene Dirac cone with the parabolic
low-energy band of bilayer graphene [17]. At fillings of 1 and 3 electrons per moiré unit cell,
the authors of [20] observed a quantized anomalous Hall effect with transverse resistance
approximately equal to h/2e2, indicating the spontaneous polarization of the system into a
single-valley-projected band with a Chern number C = 2 [20].

At a filling of 3 electrons per moiré unit cell, the quantum anomalous Hall effect
was found to be tunable such that its sign could be reversed via field-effect control of
the chemical potential. This transition was also found to be hysteretic and was used to
demonstrate a non-volatile electric-field-induced reversal of the magnetic state [20]. The
authors note that tMBG, in contrast to TBG and rhombohedral trilayer graphene, does
not rely on precise alignment to hBN, making it an all-carbon quantum anomalous Hall
system. As most reported cases of magnetism arise predominantly from electron spin
contributions, controlling magnetism with electric fields, a longstanding goal in spintronics
and multiferroics [62], is a difficult proposition. The rise of electrically tunable orbital
magnetism in moiré materials such as tMBG has led to major strides toward achieving this
technologically impactful goal [20]. The theoretical study reported in [53] indicated that
the electric field control of orbital magnetism originates from the chiral topological edge
states, which drive a change in the sign of the orbital magnetization and a reversal of the
magnetic state. This stands in contrast to previously observed anomalous Hall effect sign
reversals [63,64] that arise from a change in the sign of the total anomalous Hall effect for
the same magnetic state.

Electrical switching of orbital magnetization is shown to occur with perfect fidelity
and appears to be indefinitely non-volatile at T = 6.4 K [20]. The excellent reproducibility
of field-effect switching that is highly useful for technological applications arises from the
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absence of states with partial or intermediate valley polarization, which arises in turn from
the extreme anisotropy inherent in a purely orbital two-dimensional magnet [20].

The authors of [45] reported a plethora of correlated metallic and insulating states, in
addition to topological magnetic states in tMBG. When an external perpendicular electric
field was applied pointing from the monolayer towards the bilayer graphene, the entire
moiré system approximated that of twisted double-bilayer graphene, and the authors
reported the emergence of orbital ferromagnetism at 1/4 filling of the conduction band
in addition to an associated anomalous Hall effect. Here, too, this magnetization was
found to be electrically tunable, such that the direction of the magnetization could be
switched via electrostatic doping at zero magnetic field. When the external electric field
was applied in the opposite direction, the tMBG approximated twisted bilayer graphene,
and the authors reported observing correlated states that undergwent an orbitally driven
insulating transition above a critical perpendicular magnetic field. The demonstration of
electrically tunable orbital magnetization in tMBG was interesting as it portends important
applications in the field of spintronics [45].

A later study of tMBG at twist angles of θ = 1.13◦ and θ = 1.19◦ [61] did not report
signatures of QAH in tMBG at odd integer band fillings under zero external magnetic
field. Instead, the authors reported inter-valley coherent (IVC) states possibly competing
with Ising-like valley polarized (VP) states at zero magnetic field. The application of large
magnetic fields altered this competition between the states, transforming the low-energy
bands into a recursive series of Hofstadter minibands [61] and resulting in multiple Chern
insulator states that emerged spontaneously. These results indicate that orbital magnetism
is abundant within the correlated phase diagram of tMBG [61].

3. Theoretical Reports on Orbital Magnetism

An initial theoretical examination of the twisted two-layer graphene system, later
termed TBG, showed that the electronic structure of this system consisted of moiré Bloch
bands. At certain values of the relative twist angle, the Dirac velocity vanished and the
lowest moiré band flattened [3]. Electronic structure models were subsequently derived
for these systems that further substantiated the prediction of the localization of electrons
at certain twist angles [4]. Later, a host of theoretical studies made the prediction of
ferromagnetism in TBG that originates purely in the orbital angular momentum of electrons,
with negligible spin contribution [38–41,44,53,65–67]. Prior to the discovery of orbital
ferromagnetism in TBG, magnetism in known materials was always thought to include
contributions from the spin of electrons.

Motivated by the experimental observation of large resistance peaks at certain integer
fillings of the moiré unit cell accompanied by an AH effect [9], a theoretical study examined
the mechanism behind this AH effect [38]. The authors showed that the broken inversion
symmetry in the TBG system aligned to hBN breaks the degeneracy of the moiré superlattice
bands, leading to two Chern bands per valley. The spontaneous polarization of carriers into
spin and valley states removes the remaining spin and valley symmetry, leading to an AH
state at ν = 3 [38]. This was supported by the theoretical findings of [39], which provided
further evidence that it was the symmetry breaking from the hBN layer aligned to TBG
that gapped out the Dirac crossings in bilayer graphene and allowed for the emergence
of valence and conduction bands with equal and opposite Chern numbers C = ±1. They
explained the observation of the AH effect at 3/4 filling in terms of a spin-valley-polarized
ferromagnetic insulator [39]. Subsequently, a first-principles study of compressed twisted
bilayer graphene provided evidence of flat-band magnetism and half-metallicity in TBG [68].
This study showed that the band structure of TBG could be controlled by utilizing extrinsic
doping, pressure and an external electric field, resulting in the emergence of spontaneous
localized magnetic moments. This local magnetic ordering could be further tuned between
ferromagnetism and antiferromagnetism using an external electric field [68].

As more experiments reported Chern insulator states and orbital ferromagnetism in
TBG/hBN [9,37], ABC-stacked trilayer graphene/hBN [18,24,25] and TDBG [16,26,27], a
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theoretical paper explored the physics of narrow moiré bands in the strong interaction limit,
i.e., the limit at which the Coulomb interaction is much larger than the bandwidth [43].
Using analytical arguments and numerical calculations, including exact diagonalization
(ED) and a density matrix renormalization group (DMRG), the study showed that in the
strong interaction limit, when band degeneracy was broken such that the conduction
and valence bands were separated from each other by energy gaps, the spinful electrons
occupied two inequivalent valleys (+ and −) that could be mapped to one another via
time reversal. Consequently, the study showed that the + and − valleys of the moiré
band possessed equal and opposite Chern numbers. Additionally, the authors showed
that in the flat-band limit, ferromagnetism was a favored state even for a topologically
trivial band [43]. The presence of topology only serves to strengthen Hund’s effect, thereby
making the spin-valley ferromagnetic insulator even more likely. This result was further
substantiated assuming a Hubbard-like interaction in which the ferromagnetic (spin- and
valley-polarized) states were found to be the ideal ground-state candidates for TBG at
3/4 filling in the perfectly flat band limit [44]. A theoretical examination of TBG at ±1/2
filling using the all-band Hartree–Fock variational method showed the presence of valley-
polarized states exhibiting a moiré orbital antiferromagnetic ordering on an emergent
honeycomb lattice with a pattern constituting opposite circulating currents in the moiré
supercell [40]. Figure 4 depicts these circulating currents and emergent magnetic fields for
standalone TBG (Figure 4a) and TBG placed on hexagonal boron nitride (Figure 4b).
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is adapted from ref. [34].

A pseudo-Landau-level representation of TBG was developed [67] which was used to
study the low-energy electronic structure in the small-twist-angle limit. The study proposed
that this system could be viewed in terms of 2D Dirac models under pseudo-magnetic
fields generated by the moiré pattern. In such a picture, the nontrivial topology of the two
low-energy bands per valley originates from the two zeroth pseudo-Landau levels (LLs) of
Dirac fermions with opposite effective magnetic fields. As a result, these two zeroth LLs
(for each valley) carry opposite Chern numbers (±1) and opposite sublattice polarizations.
Overall, the two valleys give rise to a total of four low-energy bands (two bands per valley)
that are equivalent to four zeroth pseudo-LLs [67]. Small Coulomb interactions can then
split the pseudo-LL degeneracy at integer fillings, leading to insulating states with fully
polarized zeroth pseudo-LLs and non-vanishing total Chern numbers. When only one
out of the four zeroth pseudo LLs is occupied (empty), the TBG exhibits an insulating
state with non-vanishing Chern number C = ±1 per spin, as seen in 3/4 filled magic-angle
TBG [67]. Extending this work further, recent theoretical work has proposed the emergence
of fractional quantum anomalous Hall states (FQAH) in TBG/hBN at 10/3 and 17/5 band
fillings in the flat-band limit [66].
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The electric field tunability of orbital magnetism in moiré materials was theoretically
studied using the mean-field approach and symmetry analysis [53]. The study found
that in cases in which ferromagnetism mainly results from spontaneous orbital moments
and not spin moments, as seen for the orbital ferromagnetic states in moiré systems, the
magnetizations of weakly n-doped and weakly p-doped insulators can differ in sign in the
same magnetic state characterized by the sign of the Chern number [53]. This property
allows for the reversal of orbital magnetization purely through the use of an external electric
field or voltage in the presence of a magnetic field. This mechanism that generates opposite
signs of magnetization for n- and p-doping is closely related to the Chern insulator state
itself and is therefore widely seen in the orbital ferromagnets observed in various moiré
heterostructures [53]. This study also puts forth that the sublattice polarization that is
crucial to the emergence of orbital magnetization in TBG can occur spontaneously or can
also be forced via alignment to hBN. Spontaneous valley and spin polarizations are then
energetically favored when the moiré bands are in the flat-band regime [53]. A detailed
mechanism for the current-driven reversal of orbital magnetization was later proposed
in [69], in which the authors proposed that both magnetic fields and transport bias voltages
apply pressure to magnetic domain walls and lead to magnetization switching, which
occurs along a line in the (current, magnetic field) control parameter space. The study was
able to utilize conventional Landau–Lifshitz equations to capture and analyze the dynamics
of domain pinning [69].

4. Discussion and Future Work

Owing to the large number of correlated quantum phenomena discovered in the
family of moiré systems and the tunability of their properties with external fields, moiré
heterostructures have been found to be attractive for a variety of technologically important
applications. Amongst these is the proposal to utilize moiré heterostructures, including
their orbital magnetic phases, as a condensed matter quantum simulator [11]. Another
attractive application for the orbital magnetization found in moiré heterostructures is in
the field of spintronics and magnetic memories [20]. The ability to electrically control and
switch magnetism is rare among known materials and is often achieved only in multifer-
roics; therefore, moiré systems provide a novel platform for implementing field- and carrier
density-controlled magnetism, promising spintronic applications [45,58]. In TBG, the abso-
lute magnitude of the current required to switch the orbital magnetization state (~10−9 A)
was shown to be considerably smaller than that reported in most other systems [37]. Thus,
orbital magnetization in moiré heterostructures can be used to implement ultra-low-power
spintronic and magnetic applications [37]. In particular, voltage control of magnetic states
can be used to electrically write and manipulate non-volatile magnetic-domain structures
with chiral edge states that are promising for various applications, including ultra-low-
power magnetic memories and spin-based neuromorphic computing [20,70]. For instance,
for TBG aligned to hexagonal boron nitride, authors reported deterministic and high-fidelity
writing of a magnetic bit using 20 nA current pulses and a nonvolatile readout of the bit
using the large resulting change in the anomalous Hall resistance using < 100 pA of applied
alternating current [37]. This results in an estimated current density J < 103 A·cm−2, which
the authors state is at least one order of magnitude smaller than that required in competing
systems such as GaMnAs (J = 3.4 × 105 A·cm−2) [71] and Cr-(BiSb)2Te3 heterostructures
(J = 8.9 × 104 A·cm−2) [72]. The authors of [9] also reported using ultra-low current (50 nA)
to switch the magnetization state in MATBG with θ =1.17◦. Similarly, the authors of [73]
reported a hysteretic switching of the magnetic state in a trilayer heterostructure consisting
of a MoTe2 bilayer and a WSe2 monolayer with a twist angle of 60 while using a switch-
ing current of 100 nA, corresponding to a current density of J < 103 A·cm−2. Again, the
ultra-low switching current used in this case was at least one order of magnitude smaller
than what is required in competing systems that allow for in situ electrical readout. Thus,
experimental reports repeatedly show ultra-low-power electric control of the orbital mag-
netic state in moiré heterostructures, indicating the exceptional promise of moiré materials
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for ultra-low-power spintronic and magnetic applications [37]. The experimental realiza-
tion of magnetic skyrmions in moiré heterostructures, as predicted in [74], can open up
novel pathways for the implementation of advanced spintronic neuromorphic computing
devices [75].

Even when restricted to low temperatures, the gate-switchable chirality of orbital
Chern insulators could be used as the central element in reconfigurable and compact
microwave circulators [76], which may be useful for scalable quantum information pro-
cessing [20]. Recently, AB-stacked MoTe2/WSe2, which hosts a magnetic Chern insulator
at a carrier density of one hole per moiré superlattice site, has been shown to demon-
strate intrinsic spin- or valley-Hall torques that lead to magnetization switching with a
current density smaller than 103 A/cm2. These results suggest that even moiré systems
that are not graphene-based form an attractive system for the efficient electrical control
of magnetism [77]. The giant unidirectional magnetoresistance (UMR) seen in TBG can
be utilized for diode-like current rectification and can convert radiation (e.g., terahertz
radiation) into currents for energy harvesting and photodetection. Thus, the discovery of
orbital magnetization in moiré systems has significant potential for technological appli-
cations. The realization of this potential will require overcoming a variety of challenges.
A significant challenge is the development of large-scale fabrication techniques in which
the relative alignment or twist angle between layers can be reliably reproduced with an
angular precision below 0.1 degrees [46]. In addition, new techniques for spectroscopic
readout must be developed as conventional techniques such as neutron spectroscopy do
not perform well on 2D materials. This is because conventional methods produce signals
that are proportional to the volume of the material sample [11]. Additionally, obtaining
robust orbital magnetization at room temperature is a significant challenge for these moiré
systems. Future research directions include further examinations of orbital magnetization
beyond graphene-based moiré systems, a better understanding of the mechanism and
dynamics for the switching of magnetization and a detailed study of domain structures
such as magnetic domain walls in these moiré systems [73].
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