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Abstract
Graphene spintronics is an emerging field of research that explores the use of graphene’s
extraordinary spin and charge transport properties to manipulate and control the electron spin
degree of freedom for potential applications in information processing and data storage.
Particularly interesting are graphene-based van-der-Waals heterostructures, which allow the
creation of tailored spintronic properties, emerging from proximity effects, without destroying the
unique Dirac states. The possibility to induce customized spin–orbit and exchange coupling in
graphene, via band structure engineering, can lead to topologically protected edge states for
dissipationless electronics and spintronics. In flat-band graphene materials, in particular,
magic-angle bilayer graphene and rhombohedral (ABC stacked) trilayer graphene, the coupling
between spin and valley (orbital) degrees of freedom can be coupled by strong Coulomb
interactions, leading to a variety of fascinating correlated and superconducting phases. The
emerging isospin electronics, combining both the electron spin and valley flavors, can transform
the landscape of low-temperature electronics and lead to novel functionalities based on quantum
matter. This Perspective explores the latest advancements in proximity effects, topological states,
and correlated physics in graphene-based van der Waals heterostructures, discussing the
fundamentals for potential applications.

1. Introduction

Since the discovery of graphene, there has been tre-
mendous interest in utilizing it for spintronics devices
due to the extraordinary spin and charge transport
properties of the Dirac electrons, with theoretically
predicted spin lifetimes of up to microseconds and
micrometer spin diffusion lengths [1–4]. After devel-
oping comprehensive technological expertise during
the last two decades, graphene devices have started
to approach this theory ideal. The key ingredient is
protecting graphene fromdegradation in the ambient
environment encapsulating it within isolating hBN
layers. This leads to ultraclean and sharp interfaces
at the nanoscale, and spin lifetimes reaching 10 ns
[2, 5, 6].

Spintronics aims at gaining control over the spin
degree of freedom, which is challenging in graphene
due to its weak intrinsic spin–orbit coupling (SOC)

[7–9]. In recent years, several efforts concentrated
on making graphene ‘spin active’ [10]. To achieve
this, graphene was combined with other 2D materi-
als to significantly modify the Dirac states via short-
ranged proximity-induced spin interactions [10, 11].
The most prominent examples are transition-metal
dichalcogenides (TMDs), which are layered semicon-
ductors that, in addition to being rather stable in air,
feature extraordinary optical properties (due to the
robust exciton binding), strong SOC especially in the
valence bands, and spin–valley locking enabled by the
lack of inversion but the presence of in-plane mirror
symmetries [12, 13]. Within a graphene/TMD het-
erostructure, the electronic wavefunctions of the two
materials overlap at the interface, leading to what is
termed the proximity spin–orbit effect: the strong SOC
of TMDbands is partially ‘transferred’ into graphene.
This is manifested as a spin–orbit splitting of the
low energy Dirac bands [14, 15]. Similarly, when
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graphene is combined with a 2D magnetic semicon-
ductor (such as Cr2Ge2Te6 or CrI3), the Dirac states
experience proximity spin exchange splitting, which is
comparable to the Zeeman splitting due to an external
magnetic field [16]. The proximity spin–orbit and
spin exchange effects exemplify the power of van der
Waals stacking and band structure engineering.

In recent years, the 2D material playground has
greatly expanded, offering now a plethora of combin-
ation possibilities [17, 18]. By designing multilayer
graphene-based heterostructures, with custom-made
proximity-induced spin interactions, novel pseudo-
helical and chiral edge states may appear [19, 20],
with potential applications in dissipationless elec-
tronics and spintronics. Beyond that, the relative twist
angle between the layers is becoming a crucial para-
meter to tailor proximity spin interactions [21–25].
Finally, flat-band engineering of graphene structures
allows for a variety of correlated phases, such as
Stoner isospin magnets, intervalley coherence states,
or possibly unconventional superconducting pairing,
to be observed [26–31]. Also here, proximity SOC
seems to be highly relevant, for example for stabilizing
superconductivity [32, 33] and for generating novel
spin–valley couplings [34].

In this perspective, we discuss and elaborate on
proximity effects, their tunability knobs, as well as
on the emergence of topological states and cor-
related phases in graphene-based heterostructures.
We discuss current theoretical and experimental
work and potential device applications. Finally, we
provide an outlook on van-der-Waals engineering
beyond the currently considered graphene-based
heterostructures.

2. Low energy physics of (multilayer)
graphene

We begin by briefly reviewing the intrinsic and
extrinsic spin–orbit effects in graphene materials.
Monolayer graphene consists of carbon atoms that are
arranged in a honeycomb lattice which comprises a
triangular Bravais lattice with a two-fold atomic basis
in the unit cell [35]. The reciprocal space also con-
sists of a hexagonal Brillouin zone with two nonequi-
valent valleys K and K ′ at the corners. The elec-
tronic band structure of graphene near the Fermi level
can be described by linearly dispersing Dirac bands
located at the Dirac points (K and K ′ valleys). The
Bloch states of the Dirac bands are almost exclusively
formed by pz-orbitals and are relevant for the unique
transport properties. Additionally, a tiny spectral gap
of tens of µeV is present, see figure 1(a), which is
due to the intrinsic SOC that lifts the orbital degener-
acy; the magnitude of this SOC splitting derives from
the SOC of nominally unoccupied d-orbitals which
hybridize with the Dirac pz electrons [7].

When graphene is subject to a transverse (to the
carbon sheet) electric field, inversion symmetry gets
broken, and the extrinsic Rashba SOC appears, lifting
the remaining spin degeneracy of the bands. Similarly,
when graphene is placed on a substrate, a built-in
field across the interface as well as the hybridiza-
tion across the van der Waals gap can generate the
Rashba field by sublattice and inversion symmetry
breaking. However, proximity-induced phenomena
also modify the intrinsic SOC, leading to topologic-
ally distinct low-energy bands depending on the sub-
strate and the stacking, as discussed below.

Naturally occurring (Bernal) bilayer graphene
consists of AB-stacked graphene layers, with four
atoms in the unit cell. As for the monolayer, the
interesting physics happens at the K and K ′ valleys.
The electronic band structure of bilayer graphene
derives from that of single-layer graphene, taking into
account the interlayer coupling [36]. In effect, this
leads to parabolic bands that touch near the Fermi
level at the Dirac points. The layered structure offers
a new functionality: layer polarization of low energy
bands. Indeed, the low-energy bands are formed by
the orbitals of non-dimer atoms of the two layers. A
transverse electric field introduces a potential asym-
metry in the layers and therefore a band gap opens,
see figure 1(b). Recent experiments could demon-
strate ultraclean gate-tunable band gaps in hBN-
encapsulated bilayer graphene of up to 120meV [5].

Bilayer graphene is thus predestined for gate-
defined quantum dots [37, 38] and spin qubits [37,
39]. In addition, bilayer graphene has recently attrac-
ted a lot of attention, due to its correlated physics
[26, 30, 32], which we address in more detail
below. Regarding the spin proximity effects, in
bilayer graphene we have the unique situation that
the layers can be individually proximitized due to
the short-rangeness of proximity effects combined.
Combining proximity-induced spin interactions with
the layer polarization of the low energy bands allows
to swap the spin interactions fully electrically
[40, 41].

Placing one more layer, we build trilayer
graphene, which comes in different stackings [42].
Perhaps the most intriguing is rhombohedral trilayer
graphene with an ABC stacking sequence (predicted
to be the most stable one [43]), having similar low
energy physics as AB bilayer graphene. In fact, the low
energy bands are also formed by non-dimer atoms of
the outermost layers, leading to a gate-tunable band
gap, see figure 1(c). The bands feature a cone-like
touching point away from the K point, extending
into flat bands near K. Remarkably, correlation phys-
ics has been observed in ABC trilayer graphene [44,
45], due to the flat low-energy bands near the Fermi
level, associated with van Hove singularities in the
density of states.
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Figure 1. Band structures, geometries, and low energy dispersions of mono-, bi-, and trilayer graphene. (a) Band structure of
monolayer graphene. The inset sketches the crystal structure, where the grey rhombus indicates the unit cell with sublattices A
and B. Below the band structure, we show the Brillouin zone with relevant high-symmetry points. In addition, a zoom-in on the
low energy dispersion near K is shown, displaying the small spin–orbit gap. (b) The same as (a), but for Bernal bilayer graphene.
The low energy bands are formed by the non-dimer atoms, indicated by red and blue spheres in the crystal structure, as well as
projections in the dispersion. Applying an external electric field opens a band gap and activates the layer polarization of the
low-energy bands. (c) The same as (b), but for ABC trilayer graphene. The low-energy bands are formed by the orbitals of the
non-dimer atoms from the two outer layers, as indicated. The layer polarization can be induced by a gating field, similar to bilayer
graphene.

3. Proximity effects in graphene
heterostructures

When different materials form van der Waals
heterostructures, their wavefunctions weakly hybrid-
ize, leading to proximity effects. Graphene, lacking
intrinsic SOC and magnetism, is a prime candidate
for these effects, as its low-energy pz orbitals readily
hybridize with those of adjacent layers. In the follow-
ing, we introduce the Hamiltonian of Dirac electrons
in proximitized graphene, which provides an effect-
ive description for low-energy physics. In addition,
we review recent literature results that have demon-
strated different proximity effects in graphene-based
structures.

3.1. Emergent Hamiltonian of proximitized
graphene
The low-energy bands of spin–orbit and exchange
proximitized graphene in the vicinity of the charge-
neutrality point (Dirac point) can be modeled with
the effective Hamiltonian considering pz orbitals
only [46]

H=Horb +Hso +Hex, (1)

Horb = h̄vF
(
κσxkx +σyky

)
+∆σz, (2)

Hso = λKMκσzsz +λVZκσ0sz (3)

+λRe
−iϕRsz/2

(
κσxsy +σysx

)
eiϕRsz/2,

Hex = λFσ0sz +λAFσzsz. (4)

The Hamiltonian, H, has orbital, spin–orbital,
and spin exchange parts. The orbital part, Horb,
describes gapped Dirac states, where vF is the Fermi

velocity of Dirac electrons,∆ is the staggered poten-
tial (gap), σ are the pseudospin Pauli matrices oper-
ating on the sublattice A and B space, and kx and ky
are the Cartesian components of the electron wave
vector measured from K (K ′), which parameter κ=
1(−1) for K (K ′). The spin–orbit Hamiltonian Hso

consists of a Kane–Mele (KM), a valley-Zeeman (VZ),
and a Rashba (R) term. The KM term is also called
intrinsic SOC, as this was one of the initial terms
only [47]. However, Dirac states in graphene on
2D spin–orbit material substrates are mostly valley-
Zeeman like. Only recently, the Rashba SOC term
[47, 48] has been extended to the more general form
that obeys time reversal and threefold rotation C3

symmetries [21, 22]. The Rashba angle ϕR repres-
ents a sum of the geometric angle and the quantum
phase [49]. The exchange Hamiltonian Hex consists
of ferromagnetic (FM) and antiferromagnetic (AFM)
terms. The FM term describes a uniform effect-
ive exchange field from a magnetic substrate, sim-
ilar to an external magnetic field that leads to a
Zeeman splitting. The AFM term describes the non-
uniformity of the exchange field that the graphene
sublattices experience. Depending on the surround-
ing materials, very different band structure topolo-
gies can arise [10], see figure 2. The extension of the
model to proximitized multilayer graphene systems
is straighforward [41, 42]. Since the proximity effects
are short-ranged and limited to neighboring layers, it
is sufficient to consider only those layers as affected.

Given a Hamiltonian for a specific class of sys-
tems, in this case graphene-based heterostructures,
the analysis process to extract the proximity-induced
model parameters from ab-initio calculations is as
follows. Calculate the proximitized low energy Dirac

3
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Figure 2. Band structure topologies of proximitized graphene. Presented are exemplary graphene-based van der Waals
heterostructures and their model band structures, employing the Hamiltonian equation (1), together with realistic parameters
from [23, 57, 80, 81]. The color of the bands represents the spin-z expectation value. (a), (b) MoS2 and WSe2 provide different
proximity-induced SOC of Rashba and valley-Zeeman types. For MoS2 (WSe2) the Dirac states exhibit a trivial (inverted) gap.
Proximity SOC preserves time-reversal symmetry. (c), (d) Cr2Ge2Te6 (MnPSe3) provides ferromagnetic= FM (antiferromagnetic
= AFM) proximity-induced exchange coupling. Proximity exchange breaks time-reversal symmetry. (e) Doubly proximitized
graphene displays both proximity spin interactions. The interplay of proximity SOC and exchange breaks the valley degeneracy of
Dirac bands. The low energy bands at K/K ′ valleys are notably different.

bands in the vicinity of the K/K ′ points, includ-
ing spin and sublattice expectation values, as well
as the layer-resolved density of states. One typically
finds a small (1%–10%) contribution from the sur-
rounding layers in the Dirac bands, which are usu-
ally formed by C pz-orbitals only. To extract the
model parameters from the first-principles data, one
can employ a least-squares routine [50], taking into
account band energies, splittings, and spin and sub-
lattice expectation values. In experiments, the route
is different, as the low energy dispersion is typically
not directly accessible. However, based on the above
model Hamiltonian, several quantities can be cal-
culated or simulated and compared to experiments,
such as Hanle spin relaxation [51, 52], weak antiloc-
alization [53, 54], transverse magnetic focusing [55],
and Landau-level spectroscopy [56].

3.2. SOC
Perhaps the most natural way to induce SOC in
graphene (while preserving the orbital character of
the Dirac cones) is to place it next to an insulator or
semiconductor with strong SOC. Metals would also
induce strong spin interactions, but the Dirac states
would be buried within the conduction bands of the
proximitizing material.

One of the first theoretical investigations, consid-
ering a graphene/MoS2 bilayer, found that the Dirac

states of graphene are nicely preserved within the
TMD band gap [14]. Zooming in on the low energy
bands at the Fermi level revealed that the Dirac states
are split on the order of 1meV, see figure 2(a), which
is giant compared to the ∼10µeV intrinsic SOC of
graphene [7]. This induced splitting stems from the
proximity coupling of the monolayers, i.e. the wave-
functions hybridize across the van der Waals gap,
such that both layers acquire properties of the other
material. In particular, TMDs consist of heavy atoms
with large SOC, and the band structure shows siz-
able spin splittings (∼100meV in the valence bands).
This SOC is partially transferred to the pz orbitals of
graphene. Analyzing the Dirac bands wavefunctions
in close vicinity of the charge neutrality point within
such a heterostructure, one finds that only about
1% of TMD states contribute, which is responsible
for the meV-scale splitting. Remarkably, the induced
SOC is of valley-Zeeman type, stemming from the
spin–valley locking of the TMD, and not of KM
type as in pristine graphene. Additionally, a Rashba
SOC emerges due to inversion symmetry breaking
in the heterostructure. The valley-Zeeman SOC is
often called Ising SOC and refers to a splitting of the
graphene Dirac states at K, as if an external magnetic
field would be present, leading to a Zeeman-like band
splitting. Due to time-reversal symmetry, the Dirac
states at K ′ are energetically the same, but have the
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opposite spin. Hence, the charge carriers effectively
experience the opposite magnetic field, i.e. a valley-
dependent Zeeman-like spin splitting arises.

By employing different TMDs, one can read-
ily change the magnitude of proximity SOC, see
figures 2(a) and (b). Eventually, when the spin–orbit
splittings exceed the orbital gap, one can tune the
Dirac bands into an inverted regime, as for the case
of graphene/WSe2 [57, 58]. With controlled alloy-
ing of the TMD, one can even continuously tune the
transition from normal to inverted Dirac bands [59].
Due to the short-rangeness of proximity effects, it is
typically enough to consider monolayers in theory.
However, band offsets and internal electric fields sat-
urate in the few-layer limit [60]. Further tunability
knobs for proximity SOC in graphene/TMD hetero-
structures are the twist angle and gating [24, 25, 61,
62], allowing to tailor the valley-Zeeman and Rashba
SOC. Experimental signatures of proximity SOC in
graphene are giant spin relaxation anisotropy (spin
pointing out of the plane survives 10–100 longer than
in-plane spins) [63–68], the appearance of (uncon-
ventional) spin-charge conversion [25, 58, 62, 69–72],
and weak anti-localization [15, 68].

Similarly, other spin–orbit materials have also
been considered to induce SOC in graphene. In
particular 3D topological insulators such as Bi2Se3,
Bi2Te3, and Sb2Te3 can induce sizable SOC in
graphene [73–76] on the order of few meV, tunable
by alloying [60, 77] and the twist angle [78]. More
recently, also ferroelectric SnTe was considered, pre-
dicting giant and anisotropic spin–orbit splittings of
Dirac bands [79].

3.3. Exchange coupling
Magnetism in (nominally nonmagnetic) graphene
can be induced by proximity exchange coupling with
a FM or AFM. As a consequence, the Dirac bands
of graphene will split as if an external magnetic field
were present. In contrast to SOC, exchange coup-
ling breaks time-reversal symmetry. Initial studies
concentrated on magnetic tunnel junctions, such
as graphene/hBN/Co, which are still frequently
employed for electrical spin injection [52, 82, 83].
It turns out that the hBN tunnel barrier shields
the Dirac bands from strong hybridization with the
metallic orbitals, but still allows some amount of
exchange coupling to be transferred to the pz orbitals
of graphene [84]. Other earlier sources for proximity
exchange in graphene were EuO, EuS, and Yttrium-
iron-garnet [85–88], having either poor interface
quality or low Curie temperature to make a stronger
impact.

Despite the success of the aforementioned tun-
nel spin injection geometries, layered 2D magnets
provide a viable alternative to induce exchange split-
ting for Dirac electrons, see figures 2(c) and (d).
Of particular interest are magnetic insulators or
semiconductors such as Cr2Ge2Te6 [16, 81, 89], CrI3

[90–93], or MnPSe3 [20, 80], which can modulate
the band structure of graphene (or another nonmag-
netic material) without significant charge transfer
and without contributing additional transport chan-
nels. Remarkably, FM and AFM proximity-induced
exchange coupling can be realized by 2Dmagnets, see
figures 2(c) and (d). The only drawback for device
applications is the Curie and Neel temperatures of
those 2D magnets, as they are well below ambient
conditions. Fortunately, there are already metallic
2D magnets available, operating at room temperat-
ure, which are long-sought building blocks for next-
generation low-power magnetoelectronic and spin-
tronic devices [94, 95]. It is perhaps only a matter of
time until air-stable 2D magnetic insulators are syn-
thesized, providing room-temperature platforms for
‘magnetizing’ graphene.

Proximity exchange effects in graphene can be
observed by quantum anomalous Hall effect [96],
magnetoresistance [97], or nonlocal spin transport
experiments [87]. Remarkably, recent studies have
demonstrated spin injection and the giant electro-
static control of spin polarization in exchange prox-
imitized graphene on AFM CrSBr [98, 99]. These
results are promising for the development of gate-
controllable spin valves and spin filters.

3.4. Proximity induced superconductivity
Proximity effects in condensed matter stem from
superconductivity. In a junction formed by a nor-
mal metal and a superconductor, the Cooper pairs
from the superconductor can penetrate, within the
coherence length, into the metal. Vice versa, the
superconducting pairing is somewhat reduced by
the contact with the normal conductor. The most
spectacular demonstration of the superconducting
proximity is the Josephson effect, in which the super-
conducting pairing persists through a barrier (normal
metal or insulator) connecting two superconducting
electrodes.

While monolayer graphene does not appear to
support Cooper pairs at experimentally accessible
temperatures, superconductivity can be induced by
the proximity effect. Experiments to detect the prox-
imity superconductivity include gate-tunable super-
current in graphene with Ti/Al contacts [100], bal-
listic Josephson effect [101] and supercurrent in the
quantum Hall regime [102] in graphene with MoRe
edge contacts, and Andreev reflection at the inter-
face of superconducting-graphene/normal-graphene
in graphene/NbSe2 heterostructures [103].

The advantage of 2D superconductors, for
proximitizing graphene, lies again in the bond-
free and atomically-sharp van der Waals inter-
face. Remarkably, theoretical predictions report on
twist-tunable proximity-induced superconductiv-
ity in graphene/NbSe2 [104], which is in line with
recent experiments [103]. Furthermore, since NbSe2
is a TMD with large SOC, the twist-tunability of
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Figure 3. Left: schematics of proximity physics in encapsulated multilayer graphene heterostructures. In multilayer graphene, only
the outer layers are subject to short-range proximity effects, stemming from 2D spin–orbit materials or magnets. An external
electric field is employed to tune the potentials (±V) of the outermost graphene layers. Together with the layer polarization of the
low energy bands, see figure 1, proximity spin splittings can be swapped from valence to conduction band. Right: we show
exemplary low energy model band structures for bare bilayer graphene without and with electric field, as well as the switching of
proximity SOC from conduction to valence bands in WSe2/bilayer-graphene. The physics of differently proximitized bi- and
trilayer graphene structures are explained in more detail in [40–42, 108, 109].

proximity-induced SOC has been recently con-
sidered in graphene/NbSe2 [105]. In addition, NbSe2
exhibits a charge density wave phase that can be
imprinted in graphene [106]. This demonstrates
the complex interplay of several proximity effects
in graphene/NbSe2 van der Waals heterostruc-
tures, which is a potential playground to host chiral
Majorana fermions [107]. Remarkably, graphene
superconductivity emerges beyond monolayers, as
discussed below.

3.5. Interplay of proximity effects
When graphene is encapsulated, one can either
enhance or weaken proximity-induced phenomena.
For example, when graphene is encapsulated by TMD
layers, their relative twist angle tunes the interference
of proximity-induced SOC [24, 49]. Similarly, when
graphene is encapsulated by 2D magnets, their rel-
ative magnetizations and twist angles can be used to
tailor the proximity-induced exchange coupling [23,
41]. The story becomes more complicated when dif-
ferent materials are employed for encapsulation. For
example, when graphene is doubly proximitized by
a TMD and a 2D magnet, see figure 2(e), the two
spin interactions, spin–orbit and exchange coupling,
interfere with each other, break the valley degen-
eracy, and serve as a playground for gate-tunable
spin–orbit torque [81], topological phases [20], spin
qubits [110], and correlated phases [34, 111]. In
proximitized bi- and trilayer graphene, spin interac-
tions can be turned on and off, see figure 3, or even
swapped fully electrically due to the additional layer
polarization [40–42, 108, 109], allowing for spin valve
and filter operations.

As already mentioned, certain 2D materials
can induce multiple proximity effects at the same
time. One example are graphene/NbSe2 heterostruc-
tures, where SOC [105], superconductivity [104],
and a charge density wave phase [106] have been
imprinted to graphene by proximity. Recently, also

graphene/TaS2 heterostructures have been investig-
ated, simultaneously showing spin–orbit, exchange,
and charge density wave proximity effects [112]. The
only requirement to inducemultiple proximity effects
simultaneously is that the substrate hosts multiple
spin interactions, such as magnetic topological insu-
lators MnBi2Te4 [113], topological superconductors
FeTe1−xSex [114], or magnetic TMDs [115].

4. Emergence of topological states and
correlated phases

Since the discovery of correlated physics in magic-
angle twisted bilayer graphene (MATBG) [26], there
have been numerous studies to understand its origin
and the various flavors of correlated states in mul-
tilayer graphene systems [27, 29, 116–118]. In addi-
tion, since spin interactions have been induced by the
proximity effect in graphene, there is an increasing
interest in the design of topological edge states for dis-
sipationless electronics and spintronics [19, 20, 107,
119, 120]. In the following, we further discuss these
two branches of graphene physics.

4.1. Topological states
Topology in graphene dates back to the initial stud-
ies of Kane and Mele, which predicted the quantum
spin Hall effect due to the spin–orbit gap in pristine
graphene [47, 121]. However, in experimentally rel-
evant samples, Rashba coupling, staggered sublattice
potential, and other proximity effects arise, typic-
ally dominating over the weak intrinsic SOC of tens
of µeV. Furthermore, the presence of electron–hole
puddles causes significant fluctuations in the Fermi
level (10–100meV), making it difficult to search for
topological states within the spin–orbit gap of the
intrinsic SOC.

It was soon realized that proximity effects could
aid in designing more robust topological states, as
they can significantly enhance SOC accompanied by

6
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Figure 4. (a) Real space representation of a single quantum spin Hall state (QSHS), localized at the edges, along with the energy
spectrum of a zigzag graphene nanoribbon in the presence of Kane–Mele SOC. The color indicates the spin-expectation value
(red= spin up, blue= spin down). The relevant states are indicated in the spectrum. (b) The same as (a), but for valley-Zeeman
SOC, resulting in pseudo-helical states (PHS), accompanied by a spin-flip at the armchair edges. (c) Sketch of pseudo-helical
states in graphene proximitized by a strong spin–orbit material, e.g. WSe2. Figures (a) and (b) reprinted figure with permission
from [19], Copyright (2018) by the American Physical Society.

proximity exchange and superconductivity, depend-
ing on the substrate [122, 123]. More recent efforts
concentrated on providing a unified picture of the
topological nature of proximitized graphene and the
existence and character of protected edge states
[19, 20, 107, 119].

One of the first surprising observations was
the fact that the induced SOC, for graphene on
various substrates [57, 60, 124, 125], is mostly
of valley-Zeeman and Rashba type, and not of
KM type as in pristine graphene [7, 8]. In fact,
KM (sublattice even) intrinsic SOC manifests as
quantum spin Hall states (QSHSs) characterized by
nontrivial Z2 invariant, see figure 4, while valley-
Zeeman (sublattice-odd) intrinsic SOC manifests
as pseudohelical states with Z2 = 0 [19]. Both of
them are robust against (time-reversal) impurity
scattering and show helical edge currents in nar-
row graphene zigzag ribbons, but the pseudohelical
states display pseudospin-spin locking contrary to
QSHS.

Once magnetic proximity effects are induced in
graphene, in addition to proximity SOC, quantum
anomalous Hall states (QAHSs) can arise [20], which
are characterized by Chern number C. Proximity
exchange coupling in graphene can be FM, AFM, or
ferrimagnetic [23, 80], while proximity SOC can be
of KM, valley-Zeeman, and Rashba type [14, 126],
providing a broad phase space to potentially observe
QAHS with Chern numbers C = 1, 2. Finally, when
graphene is in the QAHS phase and proximity super-
conductivity is added, also chiral topological super-
conductor phases can form [107].

Until now, no clear evidence exists for a QSHS
in graphene, even when proximitized. Signatures of
QSHS have only been observed in the presence a of
very large magnetic field [127]. One of the first more
clear demonstrations has been made when graphene
is decorated with Bi2Te3 nanoparticles, locally enhan-
cing SOC [128]. One of the obstacles, that hinders
the observation of topological states in (proximit-
ized) graphene is the size of the topological gap. Even,
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Figure 5. Left: bilayer graphene twisted at small angles (∼1◦) shows a long range moiré pattern. Lattice relaxation plays an
important role in the formation of localized states at AA stacking regions [146]. Middle: the low energy dispersion at θ = 1.02◦,
calculated from an exact continuum model [145], features flat bands near zero Fermi energy, being well separated from dispersive
bands at higher energies. Right: by small twist angle deviations (∼0.1◦) from the ‘magic’ angle, the low energy bands recover their
dispersiveness and correlated behavior gets quenched.

when proximity effects are at play, the gap is typic-
ally small compared to other disturbing factors like
the thermal energy and electron–hole puddles [129,
130]. In multilayer graphene structures, it has been
reported that topologically protected states have been
realized in proximitized bilayer [131] and pentalayer
graphene [132].

4.2. Correlated phases
A prerequisite for the formation of correlated phases
in graphene-based structures is van-Hove singularit-
ies (peaks in the density of states), corresponding to
flat bands in the electronic dispersion with minimum
Fermi velocity, leading to large electron-electron
interactions, see figure 5. The first demonstration
of correlated physics was in MATBG in 2018 [26,
133]. For small (∼1◦) twist angles, bilayer graphene
exhibits flat bands near zero Fermi energy, result-
ing in correlated insulator behavior and supercon-
ductivity upon different filling factors of the moiré
Brillouin zone. Several experimental and theoretical
efforts aimed to understand the correlation physics
in MATBG [28, 33, 134–146]. It turned out that a
relatively simple real space picture, based on local-
ized heavy fermions at AA stacking regions, combined
with delocalized semimetallic conduction band states,
captures the ground state and topological physics very
well [27, 147]. This is a prime example of reformulat-
ing an initial highly complex problem into a relatively
simple model language. Nevertheless, flat bands are
already intrinsically present in multilayer graphene
systems, such as bernal bilayer graphene and rhom-
bohedral trilayer graphene. Experiments and theory
have demonstrated, that also in these systems correl-
ated behavior arises, with [32, 34, 111, 132, 148] and
without [30, 31, 44, 45, 149–151] proximity coup-
ling to other 2D materials. In fact, it appears that
the proximity-induced valley-Zeeman SOC, origin-
ating from a TMD, even stabilizes superconducting
phases in AB and ABC graphene multilayer systems
[32, 152–155].

5. Perspectives and challenges for theory
and experiment

Proximity effects in 2D materials have by now been
firmly established. Aided by structural engineering—
stacking, twisting, straining—as well as gating
and doping, proximity effects can effectively alter
the spin, magnetic, and superconducting prop-
erties of 2D materials. Given the vast choices of
layered materials [17, 18], including strong spin–
orbit materials, magnets, superconductors, ferro-
electric, and topological materials, it is not surpris-
ing that we still know very little about their various
combinations.

For theory, one challenge is to develop realistic
models for proximity effects which necessarily involve
large supercells, strained to generate commensurate
structures. Strain can cause problems in determin-
ing accurate proximity parameters, but also stacking.
Furthermore, the effective Hamiltonians describing
the proximity effects are useful for making qualitat-
ive predictions, but it is not clear how far one can
push them in describing experimental structures. For
example, a van der Waals stack contains a spatially
varying registry of atoms, each atom feeling a differ-
ent environment from the proximitizing material. It
is expected that the proximity effects will then result
in a spatially non-uniform pattern, so that spin–orbit
and exchange couplings should vary throughout the
lattice. Determination of such a pattern, both theor-
etically and experimentally, would certainly be highly
valuable.

In fact, graphene-based van der Waals hetero-
structures have already opened new avenues formany
scientific and technological advances in spintronic
devices, such as tunnel junctions [156, 157], opto-
spintronics devices [10, 14, 158, 159], spin-logic
devices [160], spin transistors [108], and spin–orbit
torquemagnetic randomaccessmemories [161–166].
All these technologies rely on the proximity coup-
ling of the layers. Another challenge lies in predicting
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material combinations that optimize specific func-
tionalities. For instance, large tunneling magnetores-
istance requires compatible Bloch states between tun-
neling electrons and barrier conduction states. A sys-
tematic understanding of such material characterist-
ics is still lacking. Moreover, while theoretical pre-
dictions have been made for spin–orbit engineer-
ing involving TMDs and topological insulators (dis-
cussed in the main text), experimental verification,
particularly for the vanishing valley-Zeeman coup-
ling at 30◦ twist angle in graphene/TMD hetero-
structures, remains elusive. We anticipate that high-
throughput AI tools will prove valuable in future
spin–orbit engineering and the discovery of optimal
material combinations for spin-dependent tunneling.

After an initial period of slow progress, research-
ers are now reporting significant advancements in the
experimental realization of spin–orbit torques [161–
166]. Given their immense technological relevance,
there is a strong push to achieve efficient magnetiz-
ation switching by passing a current through the het-
erostructure. Many questions remain open. How fast
could the switching be? Can it be controlled by gat-
ing? What is the magnetization damping coefficient?
For theory and experiment, it is important to find out
what is the relevant mechanism of the torque. Is the
spin accumulation coming from the charge-to-spin
conversion or is it the proximity spin–orbit exchange
in themagnet froma strong SOCmaterial? Such ques-
tions are relevant, since in ultrathin samples it is not
expected that transverse (to the sheets) spin Hall cur-
rents would flow, enabling the torque. Also, it is not
obvious what is the role of defects in providing the
necessary damping torque.

Twist angle is a great tool in designing new func-
tional materials. In magnets, twisted heterostruc-
tures could give us platforms for topologicalmagnetic
excitations (skyrmions), and modulate the magneto
tunneling effects, as in a recent experiment [167, 168].
It is also not yet experimentally confirmed that twist-
ing can profoundly change the proximity effect (say,
flip the proximity spin polarization).

Correlated phases pose perhaps most challenges,
but also perspectives. The origin of superconducting
pairing is an outstanding puzzle, and the question if
SOC can stabilize superconductivity is still open. New
possibilities for spintronics arise from the possibil-
ity of isospin (spin and valley) engineering. Isospin
polarization results in orbital magnetism, which can
be manipulated electrically by gating and by elec-
trical currents. To what extent can the isospin be
manipulated by external fields similarly to the elec-
tron spin being controlled magnetically? Can valley-
Zeeman coupling lead to a coherent coupling between
the two flavors? Can proximity spin exchange stabil-
ize the triplet component (if present) in graphene
superconductors? The potential of isospin manipula-
tion to enable new functionalities is vast and highly
anticipated.
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