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Electron quantum metamaterials in van der Waals
heterostructures
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In recent decades, scientists have developed the means to engineer synthetic periodic arrays with feature sizes below the
wavelength of light. When such features are appropriately structured, electromagnetic radiation can be manipulated in unusual
ways, resulting in optical metamaterials whose function is directly controlled through nanoscale structure. Nature, too, has
adopted such techniques—for example in the unique colouring of butterfly wings—to manipulate photons as they propagate
through nanoscale periodic assemblies. In this Perspective, we highlight the intriguing potential of designer structuring of
electronic matter at scales at and below the electron wavelength, which affords a new range of synthetic quantum metamateri-
als with unconventional responses. Driven by experimental developments in stacking atomically layered heterostructures—
such as mechanical pick-up/transfer assembly—atomic-scale registrations and structures can be readily tuned over distances
smaller than characteristic electronic length scales (such as the electron wavelength, screening length and electron mean free
path). Yet electronic metamaterials promise far richer categories of behaviour than those found in conventional optical meta-
material technologies. This is because, unlike photons, which scarcely interact with each other, electrons in subwavelength-
structured metamaterials are charged and strongly interact. As a result, an enormous variety of emergent phenomena can be

expected and radically new classes of interacting quantum metamaterials designed.

the diffraction of the electron wavefunction as it propagates

through a material creates a complex pattern that determines
its electronic properties (Fig. 1a). At the same time, an electron is
a charged particle and possesses an electric field distribution that
enables it to interact with other particles (Fig. 1b); this underlies its
correlated behaviour. In naturally occurring materials, these vari-
ous wavefunction and Coulomb characteristics are fixed by the par-
ticular crystal structure and material environment. As a result, the
modus operandi for the discovery of new behaviour in electronic
systems often requires surmounting the challenges of growth and
synthesis of completely new materials and systems.

An alternative, and rapidly progressing, nanotechnology is
that of van der Waals (vdW) heterostructures', wherein stacks of
atomically thin materials are assembled to form a complex quan-
tum system. This has been driven from multiple angles, including
the proliferation of available atomic-layered materials'~ over a wide
range of phases such as semiconductors, semimetals, superconduc-
tors, ferromagnets and topological insulators; means of assembling
high-quality vdW stacks (for example through mechanical pick-up/
transfer assembly*’); and theoretical proposals of how these mate-
rials, when combined, can conspire to produce new physical phe-
nomena. These two-dimensional (2D) materials are a particularly
attractive putty to use in moulding materials-by-design because
their electronic states are fully exposed and thus easily addressable.
Few, if any, limitations are placed on the constituent layers, as each
layer is relatively stable in-plane’. Moreover, stacking such layers
allows a far larger range of combinations than is conventionally pos-
sible by traditional epitaxial methods. All of these factors have led
to a dizzying growth in the complexity of atomic-layered stacks and
diverse research avenues®.

How should we view the progress in vdW heterostructures' to
better navigate the path ahead? Here, we frame this rapid progress
in terms of creating quantum metamaterials for electrons. As we
discuss below, atomic-layered stacks provide a powerful means of

Electrons in solids have many different faces. For example,

directly engineering the separate facets or character of electrons
in solids, such as the texture of quasiparticle wavefunctions or the
Coulomb fields that a charged particle possesses (Fig. 1). This capa-
bility arises from the very small feature sizes (such as lateral feature
size a and vertical distance d; see Fig. 1c) that are naturally formed
in atomic-layer stacks. Crucially, these features are tunable over
multiple length scales that range from distances much smaller than,
and up to, the characteristic length scale that defines each of the
electron’s aspects—for example, the electron wavelength as well as
the unit cell characterizes a quasiparticle’s quantum wavefunction;
the screening length defines the scale over which Coulomb fields
vary. Tuning these lateral and vertical features enables strong modi-
fication of electron behaviour, in loose analogy to optical metama-
terials; the electron quantum metamaterials that we discuss below
use both wavelength- (or characteristic length scale) and subwave-
length-scaled vdW structures. This is vividly illustrated in a proto-
typical stack of van der Waals materials (Fig. 1c) in which a simple
twist of the layer orientation allows nearly continuous variation of
features on scales smaller than the electron wavelength (for example
atomic-scale registration toggled by twist angle) as well as wave-
length-scale features such as the size of the superlattice unit cell.

In the following, we lay out how vdW structure in electron quan-
tum metamaterials with feature sizes at or below the various char-
acteristic (electronic) length scales in vdW stacks can be used as
design strategies for engineering quantum behaviour. As we will see
below, these strategies collectively fall into a length-scale engineer-
ing toolbox for emerging nanotechnologies—an intuitive frame-
work for fundamental and technological progress.

Atomic-layer twists and turns

In mathematics, textiles and art, intricate spatial interference con-
figurations—the familiar moiré patterns—can be formed when two
periodic templates are overlaid. Similarly, when two atomic 2D
layers are stacked on top of each other, the periodic atomic struc-
ture within the constituent layers combines to create new spatial
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Fig. 1| Wavefunction and Coulomb characteristics of electrons in vdW
heterostructure quantum metamaterials. a, Schematic of the electronic
wavefunction. The basic building block of the crystal, or crystal unit cell
(outlined by dashed blue line), introduces repeating structure that modifies
the electron matter wave of wavelength 1. b, Schematic of the electric field
lines, a visualization of the local Coulomb field, surrounding an electron

in proximity to a positive charge. ¢, A vdW heterostructure quantum
metamaterial composed of individual 2D layers (TMDs, graphene and BN)
and characterized by lateral feature size a, interlayer spacing d and atomic-
layer twist angle 6.

patterns (Fig. 2) that resemble artificial lateral superlattices. These
naturally possess sub-electron-wavelength features and offer a
means of directly engineering the crystal unit cell (Fig. 2). When
two 2D layers are commensurate’"'?, the electrons can be described
exactly by new Bloch bands with an expanded unit cell defined by
the superlattice structure (Fig. 2a). Even when the two layers have
an incommensurate configuration, their moiré pattern' allows the
low-energy quasiparticle excitations to be effectively described by a
set of moiré-superlattice Bloch minibands’"'"'*-'°. Here we use the
same language of effective Bloch bands and effective unit cells to
describe both cases.

Engineering unit cell size. Together with control over the unit
cell, in particular its size, superlattices also possess an associated
(reduced) Brillouin zone’~!'""'*-1¢ that is tunable. The resultant Bloch
minibands can be understood as bands folded in at the edges of the
superlattice Brillouin zone. This vastly enriches the original band
structure and grants control over the pattern of electron and hole
filling'>'~* (the free carrier density and type) in the heterostruc-
ture. A striking example is the set of secondary Dirac cones formed
from the moiré pattern in graphene/hexagonal boron nitride
stacks'>-** (G/hBN). In addition to a primary Dirac cone, rep-
lica Dirac particles are displaced at a higher energy defined by the
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superlattice and exhibit tunable ambipolar behaviour as the Fermi
energy passes through the secondary charge-neutrality points'’~.
Twisted bilayer graphene provides a particularly arresting illustra-
tion in which a rich array of minibands form and morph as a func-
tion of twist angle”*-'"2!.

The facility to engineer unit cell sizes and its electron filling
can lead to remarkable results when a magnetic field is applied: for
example, a fractal Landau-level spectrum (Hofstadter butterfly) can
be observed'”-"”. The moiré superlattice sizes accessible in atomic-
layer heterostructures make such intricate behaviour readily observ-
able at realizable magnetic field strengths. This interplay between
magnetic flux and superlattice size can even persist at high tempera-
ture: for example, Brown-Zak magnetic oscillations* (Fig. 2a).

Texturing the unit cell. In optical metamaterials, sub-wavelength-scale
features alter the propagation of light. In electronic materials, structure
that arises within the unit cell (the relative amplitudes and phases of the
electron wavefunction as it passes through each of the atoms or orbit-
als of the crystal) provides a patterned texture to the periodic part of
the Bloch wavefunction. This texture is responsible for quantum geo-
metric (wavefunction) properties such as non-trivial pseudo-spinor
texture, Berry curvature and electric polarization”, and can mediate
nonlinear responses**. The expanded unit cells innate to layered het-
erostructures (Fig. 2b) provide a natural playground in which to design
Bloch wavefunctions from the bottom up. In these, the specific atomic
configuration can be tuned by twist angle, relative lattice constants or
the composition of each layer, as well as the field effect.

Bilayer stacks with unit cells comprising atoms from both top
and bottom layers are prime targets for texturing. A well-known
example is (Bernal-stacked) bilayer graphene, in which the linearly
dispersing Dirac dispersion in each of the constituent layers hybrid-
izes to form a spectrum of massive charge carriers. Similarly, in
trilayer stacks, the band structure morphs, possessing bands that
can intimately depend on its stacking arrangement™ (for example
ABA versus ABC). In much the same way, the heterobilayer G/hBN
develops bandgaps near the Dirac point' owing to AB sublattice
asymmetry in the superlattice unit cell.

Perhaps the most striking consequence of atomic-layer twisting
is that it enables us to produce new pseudo-spinor textures that are
radically different from those found in the individual 2D layers.
Whereas the pseudo-spin of an electron wavefunction in graphene
simply winds around the equator in a Bloch sphere, the pseudo-
spin vector in G/hBN or biased bilayer graphene cants out-of-plane
(Fig. 2b) and permits a non-zero Berry curvature to develop close to
band edges”’; Berry curvature encodes an intrinsic orbital angular
momentum of wavepackets in the band structure induced by the
configuration of atoms and orbitals in the unit cell*.

The patterned wavefunctions of twisted vdW heterostructures
can provide a unique venue in which to control Berry phase effects
that result from pseudo-spin texture”. Accessing the unusual quan-
tum transport enabled by non-trivial wavefunction texture (quan-
tum geometry) is currently being explored in many material systems
such as Weyl semimetals. Progress, however, is no more evident
than in vdW heterostructures, where Berry curvature can mediate
a wide variety of unconventional quantum geometric effects that
include valley-selective Hall transport*”*, non-local resistance®>*>*’
and valley (orbital) magnetic moments**, to name a few. Quantum
geometric effects can be particularly sensitive to the underlying
symmetry of the crystal** wherein lowered crystal symmetry (engi-
neered by strain, for example) can lead to unusual effects such as a
current-induced (orbital) magnetization®, or a non-linear Hall cur-
rent” even at zero applied magnetic field.

The expanded unit cells in vdW stacks are also characterized by
additional degrees of freedom (DOF). When top and bottom layers
are symmetric, as in bilayer graphene, polarization of each layer acts
as an additional DOF. Breaking this symmetry, either by an external
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Fig. 2 | Wavefunction engineering in vdW heterostructures. a, Expanded unit cells in moiré superlattices yield a new pattern of Bloch minibands (circular
inset). Superlattice unit cell size and magnetic flux can conspire to produce Brown-Zak magnetic oscillations (peaks shown in the plot) in G/hBN
superlattice that can persist to high temperature. b, The texture, comprising the relative phases and amplitudes of the electron wavefunction on the orbitals
or atoms in the stacked unit cell, can take on a non-trivial pseudo-spin winding (circular inset). Bloch-band Berry curvature can be unlocked in bilayer

MoS, by applying an out-of-plane electric field that breaks inversion symmetry. This manifests as a valley Hall effect, with valley density accumulating at
sample edges producing a Kerr rotation. ¢, The local stacking configuration can influence the Bloch-band topology (circular inset). When the local stacking
registration changes spatially, 1D (topological) kink states can manifest; in a TMD heterobilayer, these helical kink states can be switched on or off by an
electric field. d, Stacking arrangement of vdW layers (for example handedness, or chiral versus achiral) can program ellipticity (circular dichroism) directly
into the stack. Adapted from ref. 22, AAAS (a); ref. ', SNL (b); ref. %6, SNL (c); ref. */, SNL (d).

electric control®* or by spontaneous means**, induces new
phases”. The unit cell also embodies the symmetries of the larger
heterostructure. For example, whereas monolayer MoS, breaks
inversion symmetry, bilayer MoS, preserves it; an additional out-
of-plane electric field is required to break inversion symmetry’' and
unlock the Berry curvature of the bands (Fig. 2b). This interplay of
symmetry and the expanded DOFs becomes particularly striking
when spin and valley (tied to magnetization) and layer (tied to elec-
tric polarization) DOFs are strongly coupled®, enabling magneto-
electric coupling and electrical access to inner DOFs.

Topological bands. Our ability to texture the Bloch wavefunctions
in 2D twisted quantum metamaterials informs a unique possibility:
designing topological bands out of trivial materials. Indeed, many
2D materials (such as graphene, MoS,, hBN or bilayer graphene)
possess a Dirac-type electronic structure closely related to that
found in topological insulators®. This ‘topological transmutation’
can take one of several forms (Fig. 2¢). For example, the stacking
arrangement between top and bottom layers can slip at stacking
faults. This sudden change in the crystal structure yields contrast-
ing unit cell configurations across the fault line. In gapped bilayer
graphene, such stacking faults host localized topological domain-
wall states, which are gapless and valley-helical*-**; domain-wall
kink states can also be achieved by electric field using split-dual
gates™*". In 2D heterobilayers, manipulating the unit cell texture
can enable the design of topological bands in commensurate G/
hBN* and TMD bilayers*. Remarkably, when the atomic registra-
tion is incommensurate, 1D (helical) kink states can proliferate
and form a network-like structure that can be switched on or off
by an electric field"® (Fig. 2c) and reconfigured spatially by strain.
Switchable topological bands, for which we can electrically
turn the helical edge states on or off, also extends to intrinsic
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atomic-layer topological insulators”, such as that found recently**->°
in 1T"-WTe,. The layered nature of vdW topological insulators
means that they can be easily stacked, providing a straightforward
means of parametrically increasing the edge conductance”; stack-
ing can also make it possible to construct helical modes by combin-
ing edge states of opposite chirality in an electron-hole bilayer in
the presence of a magnetic field*".

Excited states and quantum colouring. Although so far we have
considered only the lowest-energy excitations, the higher-energy
collective modes of quantum metamaterials can also be tuned by
sub-electron-wavelength features. Take, for example, an exciton,
which is normally considered a simple (hydrogenic-like) bound
state of an electron and hole. In conventional materials, the nar-
rowly defined exciton energy gives rise to sharply resonant optical
emission and absorption. In the presence of a unit cell structure with
features smaller than the Bohr radius, the constituent electron and
hole may possess Berry curvature. Because of this, the exciton opti-
cal spectrum morphs, exhibiting split angular momentum states™".
The resultant change in the optical absorption is a unique quantum
effect resulting from sub-electron-wavelength features.

Similarly, plasmons—the collective modes formed from a high
density of charge carriers—may experience chirality at zero-mag-
netic field>** if the constituent electrons or holes possess non-trivial
Berry curvature. These are some examples of how collective modes
may take on beyond Landau-Fermi liquid type characteristics™
induced by non-trivial unit cells.

Length-scale engineering into the third dimension. Beyond two
layers, further stacking in the out-of-plane direction (three, four
and more layers) provides even more opportunity to engineer the
structure and wavefunction texture of the unit cell. One interesting
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Fig. 3 | Designing interactions in vertical vdW stacks. a, The z-extent of Coulomb fields enables charge carriers in one layer to couple or interact with
other DOFs in an adjacent layer (top). These DOFs include phonons, other charge carriers and excitons. Efficient interlayer electron-hole multiplication is
generated from strong interlayer carrier coupling (bottom left). Electrons and holes in separated vdW metallic layers can condense to form an excitonic
fluid characterized by a quantized Hall drag®®’® (not shown), as well as a dissipationless nature (see results for counterflow geometry close to total filling
vr=1) in a double-bilayer graphene heterostructure (bottom right). CF, counterflow. b, Excitons possess Coulomb field lines that extend out of the 2D plane
and are sensitive to environment adjacent to the 2D material (top). These enable exciton spectra as well as the bandgap to be modified by the dielectric
environment (bottom). Heterostructure comprises single layer vdW materials (“1L") stacked with a dielectric substrate (“Thick"). ¢, Similarly, the z-extent
of a plasmon’s electric field (as well as its in-plane charge distribution) is sensitive to the surrounding environment, allowing a nearby metallic plate
(yellow) to slow the plasmon down’*’® (top), or to compress the z-extent of its electric field”® (bottom) creating electromagnetic mode volumes up to 10°
times smaller than that found in free-space . Adapted from ref. ©, SNL (a, bottom left); ref. 7°, SNL (a, bottom right); ref. 72, SNL (b); ref. ¢, AAAS (c).

prospect is how motion in the out-of-plane direction can be coupled
to motion in the in-plane directions. Inspiration may come from
gyrotropic optical media, in which left- and right-elliptical polariza-
tions can propagate at different speeds through the material. Such
handedness can, for example, be used to determine the chirality of
molecules by measuring the change in linearly polarized light upon
transmission. Carefully stacking and combining small atomic twists
in a vdW heterostructure could realize such optical handedness
in a 3D crystal structure” (Fig. 2d). There are proposals for chiral
materials composed of self-assembled inorganic materials™, but the
electronic or optoelectronic behaviour of such assemblies remains
under investigation®.

Designer interactions in the solid state
Unlike photons, which travel independently through an optical
medium, electrons may interact strongly in low-dimensional mate-
rials. While physically confined to move within the 2D x-y plane,
electrons in vdW materials are charged particles that possess elec-
tric fields extending out in all directions: in particular, the out-of-
plane or z-direction. This is a direct result of the 3D nature of the
Coulomb interaction. Indeed, the extended z-direction profile of an
electron’s potential enables the electric field effect®—a ubiquitous
means of controlling the carrier density in a 2D material by a proxi-
mal gate electrode. This Coulomb-field character of the electron
(Fig. 1b) is responsible for a rich tapestry of phenomena, from scat-
tering with phonons and impurities to bound electron-hole pairs
and exotic correlated phases.

For vdW materials, vertical stacking (Fig. 1c and Fig. 3) enables
the engineering of features that are far smaller than the charac-
teristic length scales governing the electron’s Coulomb fields.
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The exposed surfaces (and surface electronic states) of vdW materi-
als make them particularly susceptible to the environment. Further,
separate vdW layers can be stacked flush against each other or, when
electrical isolation of the layers is required, thin hBN spacer layers
(as narrow as several atomic layers) can be used. This is in stark
contrast to conventional bulk materials, in which electrons residing
deep in the bulk dominate the material properties. As a result, the
in-plane motion and dynamics of charges can be manipulated by
their Coulomb fields out-of-plane.

‘Stray’ fields and layer-to-layer interactions. Coupling between
in-plane DOFs with out-of-plane DOFs are an immediate way that
these ‘stray’ Coulomb fields affect electronic behaviour. A case in
point is the coupling of in-plane electrons with phonons in a nearby
substrate or dielectric medium (Fig. 3a). Phonons in the surround-
ing medium, characterized by the displacement of lattice ions, pos-
sess dipoles that respond readily to extended electric fields of the
electron. While this coupling is present in all heterostructure stacks,
the fully exposed electric potential profile of 2D layers allows it to be
taken to the extreme: for example, in insulator/graphene/insulator
stacks, the scattering of electrons by phonons can be dominated by
the surrounding dielectric. Indeed, G/hBN stacks have been shown
to enable fast cooling of electrons in graphene by hyperbolic pho-
nons in hexagonal boron nitride®-*.

Stray-field coupling extends far beyond electron-phonon
scattering. The out-of-plane extent of electric fields can mediate
interaction between a wide range of DOFs and quasiparticles even
when they are in separate planes (such as excitons, phonon-polari-
tons and plasmons). For example, electrons propagating in one 2D
layer may efficiently generate additional interlayer electron-hole
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pairs® (Fig. 3a, bottom left) rather than emit phonons. This mul-
tiplication process probably results from the increased interaction
cross-section between electron Coulomb fields and the reduced
phonon density of states in 2D materials.

Interestingly, interlayer excitons that form in vdW material stacks
exhibit a dipole moment that may be slightly canted away from the
z-direction owing to interlayer twisting®®. The relaxation (or exci-
tation) of such canted interlayer excitons involves a well-defined
phonon mode. Such a narrow phase space for exciton-phonon inter-
actions could be used to engineer unusual devices that mimic vibronic
transitions observed in photosynthetic energy transfer®. Coupling of
this sort can even grant unconventional transduction between other
DOFs; for example, that of out-of-plane phonon-polaritons (charge-
neutral objects), which can be tuned electrically by a proximal metal-
lic layer when they hybridize with plasmon-polaritons®.

Perhaps even more striking is how charge DOFs residing in two
nearby metallic layers separated by a 2D insulator interact through
their Coulomb fields, even when there is no particle exchange
between them. For instance, inducing a current in one 2D layer can
drag carriers in the adjacent layer by exchange of momentum and
energy®. When layer separation is smaller than the screening length,
the strongly coupled regime (where interlayer interaction is as
strong as intralayer interaction) can be accessed. For example, in this
regime electrons and holes in the separated metallic layers condense
to form an excitonic condensate®”’°—a phase of matter distinct from
that of its constituent parts (Fig. 3a, bottom right). This is proto-
typical of an interacting quantum metamaterial and shows how the
strong coupling of DOFs can lead to radically new behaviour.

How can the Coulomb field be engineered? Because field lines
warp and contort depending on a vdW material’s environment,
stacking can provide the means to tailor the interaction between
electrons. As an illustration, consider the simple structure of an
atomically thin semiconductor (for example MoS,) sandwiched on
either side by insulators (Fig. 3b): the dipolar fields between an elec-
tron and a hole in the same layer get squeezed because of the strong
contrast of dielectric constant between the monolayer and its sur-
roundings”. This warping of field lines leads to a non-hydrogenic
series of excited states for 2D excitons and a considerable modifica-
tion of its bandgap energy’> which can be spatially engineered in
such thin semiconductors (Fig. 3b, bottom).

Another simple structure consists of an atomically thin metal
(such as graphene) placed very close to a bulk metallic plate (spaced
by a 2D insulator). In such structures, the proximal bulk metal helps
to screen electric fields caused by charge-density fluctuations in
the atomically thin metal. When positioned closer than a screen-
ing length apart, the effect can be large. For example, a proximal
graphite gate can smoothen out charge puddles in graphene, leading
to a more homogeneous carrier doping landscape'*”*. Using similar
approaches, plasmons in graphene/insulator/metal heterojunctions
can be slowed down’”, and plasmon electric field profiles in the
z-direction can be squeezed into the plane” (Fig. 3¢).

The warping and screening of Coulomb field lines can be taken
to the ultimate limit: transforming the nature of the Coulomb
interaction itself. One of the most remarkable proposals is to trans-
mute the Coulomb repulsion (in a low-dimensional system) into
an effective Coulomb attraction, by placing it close to a highly
polarizable medium”. In the early proposal of this”, electrons in
the polarizable medium form a ‘glue’ that mediates attraction in
a low-dimensional conducting system; this can lead to a synthetic
non-phonon-mediated superconductivity. Strikingly, very recent
evidence of synthetic electron attraction from Coulomb repulsion
has been observed”. Because 2D conductors can be fully embed-
ded in vertical stacks, yet have their field profiles fully exposed,
vdW heterostructures can provide a unique platform to realize syn-
thetic superconductivity”®.
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Fig. 4 | Strong correlations in interacting quantum metamaterials. a, The
lateral structure formed in vdW heterostructures can work synergistically
with electron interactions to produce emergent correlated phases.
Single-layer graphene by itself (blue lattice or magenta lattice) is weakly
correlated, but when they are combined (overlapping region), this gives
rise to an interacting quantum metamaterial (conceptual illustration).

b, Strongly correlated phases'®”'°® have been found in twisted bilayer
graphene when the twist angle 0 between layers is close to certain magic
angles. These phases can be readily tuned by means of a gate, from a
correlated insulator (here labelled ‘Mott’) to a superconducting phase and
then to a metallic phase. Adapted from ref. '°°, SNL (b).

The tools of the trade in quantum metamaterials. The designer-
interactions toolkit described here outlines some emerging meth-
ods to control electron wavefunctions or the Coulomb fields of
charge carriers. These tools principally exploit features below and
up to an electron’s characteristic length scales (Fig. 1a,b) to engi-
neer artificial quantum material behaviour. Such tools, we believe,
can be applied to other characteristic length scales and a wide
range of as-yet-unexplored nanotechnologies. Given the myriad of
correlated phases recently uncovered in 2D materials (for example,
gate-tunable superconductivity in monolayer MoS, (ref. *), ferro-
magnetism in monolayer Cr,Ge,Te, (ref. **) and CrI; (ref. *°), and
anti-ferromagnetism in Crl, stacks’) the designer-interactions
toolkit also provides new opportunities for tailoring and controlling
correlated phases, particularly when distinct phases are proximal to
each other**. Electric-field control is one of the most compelling
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Table 1| Summary of key quantum metamaterial strategies for van der Waals heterostructures discussed in this Perspective

vdW heterostructure tools  Key concepts/strategies

Lateral/vertical structure
Atomic-scale registration

Electronic properties

(— Quantum geometry and Berry phase
Unit cell symmetry
Excited-state internal structure
Topological bands

Internal magnetic degrees of freedom

Examples of accessible phenomena
Valley Hall effect

Magneto-electric effect

Chiral Berry plasmons

Topological bands from trivial materials

Proximity induced spin-orbit coupling

Wavefunction texturing -------- <
controlled, for example, 8 Chirality Stacking-tuned dichroism/tunnelling
bY twist, stackmg Bandwidth Magic-angle nearly flat bands
alignment, choice of —
homo/hetero-bilayers, Layer of degree of freedom Electrically controlled gap
strain

Unit cell size engineering \_|__ Superlattice Bloch minibands Secondary Dirac cones
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Electron-phonon interaction

Stray fields and interlayer
coupling
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hBN-hyperbolic phonon cooling
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Exciton/plasmon engineering
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Wavefunction texturing
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attributes of using vdW correlated phases, as it can enable unusual
couplings to arise: for example, bilayer Crl; exhibits an electric-field
switchable magnetic order® .

Our design list is not exhaustive: electrons have numerous other
characteristics that can be directly engineered. A particularly con-
spicuous aspect is the spin DOE. This, too, can be directly tailored by
proximity coupling to a strong spin-orbit coupling layer*>* or a fer-
romagnet’. Another aspect is the vertical tunnelling characteristic of
stacks that can be tuned by layer arrangement’” or magnetic order-
ing”-"". Stacks may also exhibit structural phase transitions when the
twist angle is small' or have layer alignment that is dynamically con-
trolled”; when coupled with electronic behaviour, these can lead to
designer responses™”. Lastly, we remark that stacking different vdW
materials on top of each other is by no means the only way to create
features in vdW heterostructures. For example, lateral superlattices
can be engineered by patterning a vdW material with a local top-
gate, by stacking a vdW material atop a pre-patterned dielectric sub-
strate'">'"", or by strain (see for example, ref. ). Patterned dielectric
superlattices'’" are particularly attractive because they enable high-
quality lithographically defined superlattices possessing an electri-
cally tunable miniband structure'®" with the attendant properties of
the superlattices discussed above; this also grants access to other types
of structures (for example highly anisotropic 1D superlattices'").

Our Perspective collects early examples in this rapidly devel-
oping research direction and distils from them emerging design
strategies for electronic control in vdW heterostructures. Table 1
sketches how each of the vdW heterostructure (experimental)
tools (column 1) enables control over electronic properties (col-
umn 3) through overarching key design principles (column 2). The
design principles act as quantum metamaterials strategies for vdW

(Low) unit cell symmetry,
spin degree of freedom

Electrical control over spin texture
and Berry curvature in a monolayer
TMD

nanoengineers and provide a rational path for tailoring material
properties. Given that many electronic properties (as well as strat-
egies) are interlinked, one striking application of the design prin-
ciples listed is to use the principles in tandem. Such combination
strategies can enable new functionality (see Table 1): for example,
low unit cell symmetry can conspire with the field effect to grant
electrical control over the internal quantum structure of electrons,
such as the spin structure (including out-of-plane component) and
quantum geometry of transition metal dichalcogenides (TMDs; see
refs 19-1% for a recent example in monolayer 1T"-WTe,).

Interacting quantum metamaterials
One of the most promising aspects of quantum electronic metama-
terials—and one that sets them wholly apart from their photonic
counterparts—occurs when electrons in subwavelength-structured
samples interact to exhibit unexpected emergent behaviour (Fig. 4).
Such systems potentially provide a venue for a variety of complex
emergent phenomena that arise from relatively simple constitu-
ents. A simple illustration of the effect of cooperation between
subwavelength features and interactions can be found in G/hBN
(twisted) moiré superlattices. At the single-particle level, the AB
sublattice asymmetry (corresponding to an energy gap at the Dirac
point) induced in graphene is expected to be minute, owing to the
alternating gap sign in adjacent superlattice domains'’. Yet because
of the same superlattice structure, theory predicts that Coulomb
interactions can renormalize the bare gap size with a faster scaling
exponent (as compared with graphene without a superlattice struc-
ture), greatly enhancing the gap size'”".

Perhaps the most compelling landscape for interacting quan-
tum metamaterials is that of magic-angle twisted bilayer graphene
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heterostructures'*®'”, in which a set of new correlated phases has
been found (Fig. 4). Whereas strong coupling between top and bot-
tom graphene layers at low twist angles produces a pattern of Bloch
minibands, when the twist is close to ‘magic angles” the electronic
structure is pushed to an extreme limit'"'!: nearly flat electronic
bands are formed. As a result, electron kinetic energy is quenched,
and the interaction parameter increases. At half-filling, strong cor-
relations between electrons localized near AA stacking regions yield
an insulating gap consistent with that of a correlated insulator, such
as a Mott insulator'®® (Fig. 4b). When doped away from half-filling,
magic-angle twisted bilayer graphene becomes superconducting'®.
This superconductivity exhibits doping-dependent domes reminis-
cent of high-temperature superconductors (Fig. 4b) and a critical
temperature just under 10% of the Fermi temperature (indicative of
strong coupling superconductivity).

What is the future of length-scale engineered nanotechnologies?
The emergent behaviour in twisted bilayer graphene was a surprise;
it is a remarkable demonstration of how electron interactions and
subwavelength features conspire in interacting quantum metama-
terials to produce radically new phases. Strikingly, this strongly
correlated behaviour arose when two seemingly weakly correlated
atomic-layered materials (graphene) were stacked together—a
quantum alchemy of sorts. Similar correlated insulating behaviour
has been observed in ABC trilayer graphene on hBN heterostruc-
tures'!!. Together, these paint an exciting future for nanotechnol-
ogy based on vdW heterostructures. What other transmutations are
possible when atomic layers, each possessing already ordered (inter-
acting) phases, are combined? The opportunities are vast.

Received: 17 May 2018; Accepted: 25 September 2018;
Published online: 5 November 2018

References
1. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499,
419 (2013).

2. Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl Acad.
Sci. USA 102, 10451-10453 (2005).

3. Zhou, J. et al. A library of atomically thin metal chalcogenides. Nature 556,
355-359 (2018).

4. Dean, C. R. et al. Boron nitride substrates for high-quality graphene
electronics. Nature Nanotech. 5, 722-726 (2010).

5. Wang, L. et al. One-dimensional electrical contact to a two-dimensional
material. Science 342, 614-617 (2013).

6.  Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto, A. H. 2D
materials and van der Waals heterostructures. Science 353, aac9439 (2016).

7.  Santos, D., Lopes, J. M., Peres, N. M. R. & Castro Neto, A. H. Graphene
bilayer with a twist: electronic structure. Phys. Rev. Lett. 99, 256802 (2007).

8.  Giovannetti, G., Khomyakov, P. A., Brocks, G., Kelly, P. J. & van den Brink,
J. Substrate-induced band gap in graphene on hexagonal boron nitride: ab
initio density functional calculations. Phys. Rev. B 76, 073103 (2007).

9. Mele, E. J. Commensuration and interlayer coherence in twisted bilayer
graphene. Phys. Rev. B 81, 161405 (2010).

10.  Bistritzer, R. & MacDonald, A. H. Transport between twisted graphene
layers. Phys. Rev. B 81, 245412 (2010).

11. Bistritzer, R. & MacDonald, A. H. Moiré¢ bands in twisted double-layer
graphene. Proc. Natl Acad. Sci. USA 108, 12233-12237 (2011).

12.  Woods, C. R. et al. Commensurate-incommensurate transition in graphene
on hexagonal boron nitride. Nat. Phys. 10, 451-456 (2014).

13.  Xue, J. et al. Scanning tunnelling microscopy and spectroscopy
of ultra-flat graphene on hexagonal boron nitride. Nat. Mater. 10,

282-285 (2011).

14. Kindermann, M., Uchoa, B. & Miller, D. L. Zero-energy modes and
gate-tunable gap in graphene on hexagonal boron nitride. Phys. Rev. B 86,
115415 (2012).

15.  Yankowitz, M. et al. Emergence of superlattice Dirac points in graphene on
hexagonal boron nitride. Nat. Phys. 8, 382-386 (2012).

16. Wallbank, J. R, Patel, A. A., Mucha-Kruczynski, M., Geim, A. K. & Fal'ko,
V. I. Generic miniband structure of graphene on a hexagonal substrate.
Phys. Rev. B 87, 245408 (2013).

17.  Ponomarenko, L. A. et al. Cloning of Dirac fermions in graphene
superlattices. Nature 497, 594-597 (2013).

18. Dean, C. R. et al. Hofstadter’s butterfly and the fractal quantum Hall effect
in moiré superlattices. Nature 497, 598-602 (2013).

992

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hunt, B. et al. Massive Dirac fermions and Hofstadter butterfly in a

van der Waals heterostructure. Science 340, 1427-1430 (2013).

Gorbachev, R. V. et al. Detecting topological currents in graphene
superlattices. Science 346, 448-451 (2014).

Li, G. et al. Observation of Van Hove singularities in twisted graphene
layers. Nat. Phys. 6, 109 (2010).

Kumar, R. K. et al. High-temperature quantum oscillations caused

by recurring Bloch states in graphene superlattices. Science 357,

181-184 (2017).

Xiao, D., Chang, M. C. & Niu, Q. Berry phase effects on electronic
properties. Rev. Mod. Phys. 82, 1959 (2010).

Sodemann, I. & Fu, L. Quantum nonlinear Hall effect induced by Berry
curvature dipole in time-reversal invariant materials. Phys. Rev. Lett. 115,
216806 (2015).

Morimoto, T. & Naoto, N. Topological nature of nonlinear optical effects in
solids. Sci. Adv. 2, 1501524 (2016).

Guinea, E, Castro Neto, A. H. & Peres, N. M. R. Electronic states and
Landau levels in graphene stacks. Phys. Rev. B 73, 245426 (2006).

Xiao, D., Yao, W. & Niu, Q. Valley-contrasting physics in graphene: magnetic
moment and topological transport. Phys. Rev. Lett. 99, 236809 (2007).
Mak, K. E, McGill, K., Park, J. & McEuen, P. L. The valley Hall effect in
MosS, transistors. Science 344, 1489-1492 (2014).

Sui, M. et al. Gate-tunable topological valley transport in bilayer graphene.
Nat. Phys. 11, 1027 (2015).

Shimazaki, Y. et al. Generation and detection of pure valley current by
electrically induced Berry curvature in bilayer graphene. Nat. Phys. 11,
1032-1036 (2015).

Lee, J., Mak, K. E & Shan, J. Electrical control of the valley Hall effect in
bilayer MoS, transistors. Nat. Nanotech. 11, 421-425 (2016).

Lee, J., Wang, Z., Xie, H., Mak, K. E. & Shan, ]. Valley magnetoelectricity in
single-layer MoS,. Nat. Mater. 16, 887-891 (2017).

Castro, E. V. et al. Biased bilayer graphene: semiconductor with a gap
tunable by the electric field effect. Phys. Rev. Lett. 99, 216802 (2007).
Zhang, Y. et al. Direct observation of a widely tunable bandgap in bilayer
graphene. Nature 459, 820-823 (2009).

Weitz, R. T, Allen, M. T., Feldman, B. E., Martin, J. & Yacoby, A.
Broken-symmetry states in doubly gated suspended bilayer graphene.
Science 330, 812-816 (2010).

Velasco, J. Jr et al. Transport spectroscopy of symmetry-broken insulating
states in bilayer graphene. Nat. Nanotech. 7, 156-160 (2012).

Nandkishore, R. & Levitov, L. S. Spontaneously ordered states in bilayer
graphene. Phys. Scr. T146, 014011 (2012).

Gong, Z. et al. Magnetoelectric effects and valley-controlled spin

quantum gates in transition metal dichalcogenide bilayers. Nat. Commun. 4,
2053 (2013).

Bernevig, B. A. & Hughes T. L. Topological Insulators and Topological
Superconductors (Princeton Univ. Press, Princeton, 2013).

Zhang, F, MacDonald, A. H. & Mele, E. J. Valley Chern numbers and
boundary modes in gapped bilayer graphene. Proc. Natl Acad. Sci. USA
110, 10546-10551 (2013).

Vaezi, A. et al. Topological edge states at a tilt boundary in gated multilayer
graphene. Phys. Rev. X 3, 021018 (2013).

Ju, L. et al. Topological valley transport at bilayer graphene domain walls.
Nature 520, 650-655 (2015).

Martin, L, Blanter, Y. M. & Morpurgo, A. F. Topological confinement in
bilayer graphene. Phys. Rev. Lett. 100, 036804 (2008).

Li, J. et al. Gate-controlled topological conducting channels in bilayer
graphene. Nat. Nanotech. 11, 1060-1065 (2016).

Song, J. C. W,, Samutpraphoot, P. & Levitov, L. S. Topological Bloch bands
in graphene superlattices. Proc. Natl Acad. Sci. 112, 10879-10883 (2015).
Tong, Q. et al. Topological mosaics in moiré superlattices of van der Waals
heterobilayers. Nat. Phys. 13, 356-362 (2017).

Qian, X,, Liu, J. W,, Fu, L. & Li, J. Quantum spin Hall effect in
two-dimensional transition metal dichalcogenides. Science 346,

1344-1347 (2014).

Tang, S. J. et al. Quantum spin Hall state in monolayer 1T-WTe,. Nat. Phys.
13, 683-687 (2017).

Fei, Z. Y. et al. Edge conduction in monolayer WTe,. Nat. Phys. 13,
677-682 (2017).

Wu, S. E et al. Observation of the quantum spin Hall effect up to 100
kelvin in a monolayer crystal. Science 359, 76-79 (2018).
Sanchez-Yamagishi, ]. D. et al. Helical edge states and fractional quantum
Hall effect in a graphene electron-hole bilayer. Nat. Nanotech. 12,

118-122 (2017).

Srivastava, A. & Imamoglu, A. Signatures of Bloch-band geometry on
excitons: nonhydrogenic spectra in transition-metal dichalcogenides. Phys.
Rev. Lett. 115, 166802 (2015).

Zhou, J., Shan, W.-Y,, Yao, W. & Xiao, D. Berry phase modification to the
energy spectrum of excitons. Phys. Rev. Lett. 115, 166803 (2015).

NATURE NANOTECHNOLOGY | VOL 13 | NOVEMBER 2018 | 986-993 | www.nature.com/naturenanotechnology


https://doi.org/10.1038/s41565-018-0294-9
http://www.nature.com/naturenanotechnology

NATURE NANOTECH

FOCUS | PERSPECTIVE

54. Song, J. C. W. & Rudner, M. S. Chiral plasmons without magnetic field. 90. Wang, Z. et al. Strong interface-induced spin-orbit interaction in graphene
Proc. Natl Acad. Sci. USA 113, 4658-4663 (2016). on WS,. Nat. Commun. 6, 8339 (2015).

55.  Kumar, A. et al. Chiral plasmon in gapped Dirac systems. Phys. Rev. B 93, 91. Wang, Z, Tang, C,, Sachs, R,, Barlas, Y. & Shi, ]. Proximity-induced
041413 (2016). ferromagnetism in graphene revealed by the anomalous Hall effect.

56. Haldane, E D. M. Berry curvature on the Fermi surface: anomalous Phys. Rev. Lett. 114, 016603 (2015).

Hall effect as a topological Fermi-liquid property. Phys. Rev. Lett. 93, 92.  Mishchenko, A. et al. Twist-controlled resonant tunnelling in graphene/
206602 (2004). boron nitride/graphene heterostructures. Nat. Nanotech. 9, 808-818 (2014).

57.  Kim, C.-]. et al. Chiral atomically thin films. Nat. Nanotech. 11, 93.  Wallbank, J. R. et al. Tuning the valley and chiral quantum state of Dirac
520-524 (2016). electrons in van der Waals heterostructures. Science 353, 575-579 (2016).

58. Ma, W. et al. A chiral nanoassemblies-enabled strategy for simultaneously 94. Song, T. et al. Giant tunneling magnetoresistance in spin-filter van der
profiling surface glycoprotein and microRNA in living cells. Adv. Mater. 29, Waals heterostructures. Science eaar4851 (2018).

1703410 (2017). 95. Klein, D. R. et al. Probing magnetism in 2D van der Waals crystalline

59. Yamamoto, Y. et al. Photoconductive coaxial nanotubes of insulators via electron tunneling. Science https://doi.org/10.1126/science.
molecularly connected electron donor and acceptor layers. Science 314, aar3617 (2018).

1761-1764 (2006). 96. Wang, Z. et al. Very large tunneling magnetoresistance in layered magnetic

60. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. semiconductor Crl,. Preprint at https://arxiv.org/abs/1801.08188 (2018).
Science 306, 666-669 (2004). 97.  Kim, H. H. et al. One million percent tunnel magnetoresistance in a

61. Tielrooij, K.-J. et al. Out-of-plane heat transfer in van der Waals stacks magnetic van der Waals heterostructure. Preprint at https://arxiv.org/
through electron-hyperbolic phonon coupling. Nat. Nanotech. 13, abs/1804.00028 (2018).

41-46 (2018). 98. Ribeiro-Palau, R. et al. Twistable electronics with dynamically rotatable

62. Yang, W. et al. A graphene Zener—Klein transistor cooled by a hyperbolic heterostructures. Preprint at https://arxiv.org/abs/1804.02038 (2018).
substrate. Nat. Nanotech. 13, 47-52 (2018). 99. Carr, S. et al. Twistronics: manipulating the electronic properties of

63. Barati, F et al. Hot carrier-enhanced interlayer electron-hole pair two-dimensional layered structures through their twist angle. Phys. Rev. B
multiplication in 2D semiconductor heterostructure photocells. 95, 075420 (2017).

Nat. Nanotech. 12, 1134-1139 (2017). 100. Park, C. H., Yang, L., Son, Y. W,, Cohen, M. L. & Louie, S. G. Anisotropic

64. Ross, J. S. et al. Interlayer exciton optoelectronics in a 2D heterostructure behaviours of massless Dirac fermions in graphene under periodic
p-n junction. Nano Lett. 17, 638-643 (2017). potentials. Nat. Phys. 4, 213-217 (2008).

65.  Kunstmann, J. et al. Momentum-space indirect interlayer excitons in 101. Forsythe, C. et al. Band structure engineering of 2D materials using
transition-metal dichalcogenide van der Waals heterostructures. Nat. Phys. patterned dielectric superlattices. Nat. Nanotech. 13, 566-571 (2018).
https://doi.org/10.1038/541567-018-0123-y (2018). 102. Guinea, F, Katsnelson, M. I. & Geim, A. K. Energy gaps and a zero-field

66. Fuller, E D. et al. Vibronic coherence in oxygenic photosynthesis. quantum Hall effect in graphene by strain engineering. Nat. Phys. 6,

Nat. Chem. 6, 706-711 (2014). 30-33 (2010).

67. Dai, S. et al. Graphene on hexagonal boron nitride as a tunable hyperbolic 103. Xu, S.-Y. et al. Electrically switchable Berry curvature dipole in the
metamaterial. Nat. Nanotech. 10, 682-686 (2015). monolayer topological insulator WTe,. Nat. Phys. https://doi.org/10.1038/

68. Narozhny, B. N. & Levchenko, A. Coulomb drag. Rev. Mod. Phys. 88, $41567-018-0189-6 (2018).

025003 (2016). 104. Zhang, Y, Brink, J. V. D,, Felser, C. & Yan, B. (2018). Electrically tuneable

69. Liu, X., Watanabe, K., Taniguchi, T., Halperin, B. I. & Kim, P. Quantum nonlinear anomalous Hall effect in two-dimensional transition-metal
Hall drag of exciton condensate in graphene. Nat. Phys. 13, 746-750 (2017). dichalcogenides WTe, and MoTe,. Preprint at hitps://arxiv.org/

70. Li, J. I. A, Taniguchi, T., Watanabe, K., Hone, J. & Dean, C. R. Excitonic ab§/1804.11069. ] )
superfluid phase in double bilayer graphene. Nat. Phys. 13, 751755 (2017). 105. $h1, L.-k. & Song, J. C. W'Berry curvature_sw1tch and magneto-electric effect

71.  Chernikov, A. et al. Exciton binding energy and nonhydrogenic Rydberg in WTe, monolayer. Preprint at h.ttps://arxnnorg/abs/ 1805.00939 (2018).
series in monolayer WS,. Phys. Rev. Lett. 113, 076802 (2014). 106. You, J. S., Fang, 8., Xu, . Y, Kaxiras, E. & Low, T. The Berry curvature

72. Raja, A. et al. Coulomb engineering of the bandgap and excitons in dipole current in transition metal dichalcogenides family. Preprint at
two-dimensional materials. Nat. Commun. 8, 15251 (2017). https://arxiv.org/abs/1805.02157 (2918)' . .

73.  Ponomarenko, L. A. et al. Tunable metal-insulator transition in double- 107. Song, J. C. W., Shytov, A. V. & Levitov, L. S. Electron interactions and gap
layer graphene heterostructures. Nat. Phys. 7, 958-961 (2011). opening in graphene sup.erlattlces. Phys.'Rev. Lett. 111,. 26?801 (2913).

74.  Alonso-Gonzilez, P. et al. Acoustic terahertz graphene plasmons revealed 108. Cao, Y. et al. Correlated insulator behaviour at half-filling in magic-angle
by photocurrent nanoscopy. Nat. Nanotech. 12, 31-35 (2017). graphene superlattices. Nature 556, 80-84 (.2918)" .

75. Lundeberg, M. B. et al. Tuning quantum nonlocal effects in graphene 109. Cao, Y. et al. Unconventional superconductivity in magic-angle graphene
plasmonics. Science 357, 187-191 (2017). superlattices. Nature 556, 43-50 (2018). o

76.  Alcaraz Iranzo, D. et al. Probing the ultimate plasmon confinement limits 110. Morell,‘ E. S" Corree}, J. D", Vargas, P, Pache-co, Mj &.Bartlcewc, Z Flat
with a van der Waals heterostructure. Science 360, 291-295 (2018). bands in slightly twisted bilayer graphene: tight-binding calculations.

77. Little, W. A. Possibility of synthesizing an organic superconductor. Phys. Rev. B 82, 121407 (2010). . o
Phys. Rev. 134, A1416 (1964). 111. Chgn, G. eF e?l. Gate—tupable Mo.tt insulator in tr%layer graphene-boron

78.  Hamo, A. et al. Electron attraction mediated by Coulomb repulsion. Nature nitride moiré superlattice. Preprint at https://arxiv.org/abs/1803.01985 (2018).
535, 395-400 (2016).

79. Roesner, M. et al. Plasmonic superconductivity in layered materials. Acknowledgements
Preprint at https://arXiv.org/abs/1803.04576 (2018). We thank V. Fatemi, F. Koppens, P. McEuen, J. Sanchez-Yamigishi and A. Young for

80. Fatemi, V. & Ruhman J. Synthesizing Coulombic superconductivity in van discussions, as well as M. Grossnickle from QMO Labs for graphics assistance. J.C.W.S.

der Waals bilayers. Preprint at https://arxiv.org/abs/1804.04148 (2018).

acknowledges support from the Singapore National Research Foundation (NRF) under

NREF fellowship award NRF-NRFF2016-05 and a Nanyang Technological University
(NTU) start-up grant (NTU-SUG). N.M.G. is supported by the Air Force Office of
Scientific Research Young Investigator Program (YIP) award no. FA9550-16-1-0216
and by the National Science Foundation Division of Materials Research CAREER
award no. 1651247. N.M.G. also acknowledges support through a Cottrell Scholar
Award, and through the Canadian Institute for Advanced Research (CIFAR) Azrieli
Global Scholar Award.

81. Ye,]. T. et al. Superconducting dome in a gate-tuned band insulator. Science
338, 1193-1196 (2012).

82. Gong, C. et al. Discovery of intrinsic ferromagnetism in two-dimensional
van der Waals crystals. Nature 546, 265-269 (2017).

83. Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal
down to the monolayer limit. Nature 546, 270-273 (2017).

84. Yu, Y. et al. Gate-tunable phase transitions in thin flakes of 1T-TaS,.
Nat. Nanotech. 10, 270-276 (2015).

85. Li, L. J. et al. Controlling many-body states by the electric-field effect in a
two-dimensional material. Nature 529, 185-189 (2016).

86. Xi, X,, Berger, H., Forr¢, L., Shan, J. & Mak, K. E Gate tuning of
electronic phase transitions in two-dimensional NbSe,. Phys. Rev. Lett. 117,
106801 (2016).

87. Jiang, S., Shan, J. & Mak, K. E Electric-field switching of two-dimensional
van der Waals magnets. Nat. Mater. 17, 406-410 (2018).

88. Huang, B. et al. Electrical control of 2D magnetism in bilayer Crl,. Nat.
Nanotech. 13, 544-568 (2018).

89. Avsar, A. et al. Spin-orbit proximity effect in graphene. Nat. Commun. 5,
4875 (2014).

Competing interests
The authors declare no competing interests.

Additional information

Reprints and permissions information is available at www.nature.com/reprints.
Correspondence should be addressed to J.C.W.S. or N.M.G.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© Springer Nature Limited 2018

NATURE NANOTECHNOLOGY | VOL 13 | NOVEMBER 2018 | 986-993 | www.nature.com/naturenanotechnology 993


https://doi.org/10.1038/s41567-018-0123-y
https://arXiv.org/abs/1803.04576
https://arxiv.org/abs/1804.04148
https://doi.org/10.1126/science.aar3617
https://doi.org/10.1126/science.aar3617
https://arxiv.org/abs/1801.08188
https://arxiv.org/abs/1804.00028
https://arxiv.org/abs/1804.00028
https://arxiv.org/abs/1804.02038
https://doi.org/10.1038/s41567-018-0189�6
https://doi.org/10.1038/s41567-018-0189�6
https://arxiv.org/abs/1804.11069
https://arxiv.org/abs/1804.11069
https://arxiv.org/abs/1805.00939
https://arxiv.org/abs/1805.02157
https://arxiv.org/abs/1803.01985
http://www.nature.com/reprints
http://www.nature.com/naturenanotechnology

	Electron quantum metamaterials in van der Waals heterostructures

	Atomic-layer twists and turns

	Engineering unit cell size. 
	Texturing the unit cell. 
	Topological bands. 
	Excited states and quantum colouring. 
	Length-scale engineering into the third dimension. 

	Designer interactions in the solid state

	‘Stray’ fields and layer-to-layer interactions. 
	How can the Coulomb field be engineered? 
	The tools of the trade in quantum metamaterials. 

	Interacting quantum metamaterials

	Acknowledgements

	Fig. 1 Wavefunction and Coulomb characteristics of electrons in vdW heterostructure quantum metamaterials.
	Fig. 2 Wavefunction engineering in vdW heterostructures.
	Fig. 3 Designing interactions in vertical vdW stacks.
	Fig. 4 Strong correlations in interacting quantum metamaterials.
	Table 1 Summary of key quantum metamaterial strategies for van der Waals heterostructures discussed in this Perspective.


