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Contemporary quantum materials research is guided by themes of topology and of electronic
correlations. A confluence of these two themes is engineered in “moiré materials”, an emerging class
of highly tunable, strongly correlated two-dimensional (2D) materials designed by the rotational or
lattice misalignment of atomically thin crystals. In moiré materials, dominant Coulomb interactions
among electrons give rise to collective electronic phases, often with robust topological properties.
Identifying the mechanisms responsible for these exotic phases is fundamental to our understanding
of strongly interacting quantum systems, and to our ability to engineer new material properties for
potential future technological applications. In this Review, we highlight the contributions of local
spectroscopic, thermodynamic, and electromagnetic probes to the budding field of moiré materials
research. These techniques have not only identified many of the underlying mechanisms of the corre-
lated insulators, generalized Wigner crystals, unconventional superconductors, moiré ferroelectrics,
and topological orbital ferromagnets found in moiré materials, but they have also uncovered frag-
ile quantum phases that have evaded spatially averaged global probes. Furthermore, we highlight
recently developed local probe techniques, including local charge sensing and quantum interference
probes, that have uncovered new physical observables in moiré materials.

CONTENTS

Introduction

A. Six Years of Moiré Materials

B. Rich, Tunable Phase Diagrams of Moiré
Materials

C. Capabilities of Local Probe Techniques

D. Advantages of Local Probe Techniques

Flat Electronic Bands
A. Flat Electronic Bands
B. Cascades of Electronic Transitions

Correlated Insulating Phases in Moiré

Graphene

A. TIsospin Symmetry-Breaking in Moiré
Graphene

B. Mapping Correlated Insulators in Moiré
Graphene

Correlated Insulating Phases in Moiré TMDs

A. Electron Crystal Phases: A Brief
Introduction

B. Charge-Ordered Phases in Moiré Transition
Metal Dichalcogenides

C. Imaging Correlated Insulators in Moiré
TMDs

Topological Insulating Phases

A. Time-Reversal Symmetry in Moiré
Materials

B. Orbital Magnetism in Graphene-Based
Moiré Materials

VI

VIL

C. Local-Sensing of Topological Invariants

D. Correlation-Driven Topological Phases in
MATBG

Orbital Ferromagnetic and Moiré Ferroelectric

Phases

A. New Material Design Principles for 2D
Ferromagnets and Ferroelectrics

B. Imaging Orbital Ferromagnetism

C. Imaging Moiré Ferroelectricity

Unconventional Superconducting Phases

A. Low-Carrier-Density Superconductivity in
Moiré Graphene

B. Debating the Nature of Superconductivity
in Moiré Graphene

C. Characterizing Superconductivity in
MATBG and MATTG

D. High-Temperature and High-Field
Pseudogap Regimes

VIII. Outlook

References

I. INTRODUCTION

A. Six Years of Moiré Materials

14

14

15
15
15
16
17
17
18
19
19
20

21

Quantum materials research has experienced a ver-

itable renaissance in roughly the past six years, with a
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FIG. 1. Phase Diagrams of Moiré Materials. a, Schematic diagram of a rotationally misaligned moiré material. When 2D
materials with the same atomic lattice constants are twisted with respect to one another, a long-wavelength moiré interference
pattern is produced. b, Schematic phase diagram of magic-angle twisted bilayer graphene (MATBG) as a function of out-of-
plane magnetic field and filling (v), which hosts correlated insulators (Corr. Ins.), an unconventional superconductor (SC), a
high-field pseudogap regime, quantum Hall insulators (QH Ins.), and field-stabilized correlated Chern insulators and symmetry-
broken Chern insulators (SBCI). ¢, Schematic phase diagram of twisted bilayer MoTez (tMoTez) as a function of out-of-plane
electric field and v, which hosts a correlated insulators (likely Mott and generalized Wigner (GWC) phases at integer and
fractional v, respectively), an integer quantum anomalous Hall insulator, fractional Chern insulator (FCI) phases showing
fractional quantum anomalous Hall effects, and a possible anomalous composite Fermi liquid regime. d, Schematic diagram
of a lattice-mismatched moiré material. When 2D materials with the different atomic lattice constants are aligned with one
another, a long-wavelength moiré interference pattern is produced. e, Schematic phase diagram of aligned WSes / WS; as a
function of temperature and v, which hosts Mott insulators at integer v and GWCs at fractional v. f, Schematic phase diagram
of AB-stacking-aligned MoTes, / WSez as a function of out-of-plane electric field and v, which hosts a Mott insulator (Mott
Ins.), a charge-transfer insulator (CT Ins.), a quantum anomalous Hall insulator (QAH), a quantum spin Hall insulator (QSH),
and a Kondo lattice regime.

surge of experimental reports of nearly every known elec- cluding twisted monolayer graphene (ex. magic-angle
tronic phase of matter and of several unique and unex- twisted bilayer graphene [4-7], Fig. 1b), twisted multi-
pected phases, all found in an emerging class of highly layer graphene (ex. twisted monolayer-bilayer graphene
tunable two-dimensional (2D) materials known as “moiré  [8-10], twisted double bilayer graphene [11-13]) and

materials” [1-3]. Moiré materials are designed through  twisted transition metal dichalcogenides (ex. twisted bi-
either the rotational misalignment of identical 2D atomic  layer WSey [14-16], WSy [17, 18], WTez [19, 20] and
crystals (Fig. 1a) or the lattice-mismatch of dissimilar 2D MoTeq [21-23]; Fig. 1c), and has further expanded to

atomic crystals (Fig. 1d). Both of these incommensura- include multilayer structures with multiple twisted inter-
bility conditions cause long-wavelength (= 10 nm) inter-  faces (ex. magic-angle twisted trilayer / quadralayer /
ference patterns between the two constituent atomic lat- pentalayer graphene [24-27], moiré quasicrystalline tri-
tices, forming an enlarged moiré superlattice that gener- layer graphene [28], helical trilayer graphene [29]). The
ically hosts flat electronic bands, which are highly con- lattice mismatch motif describes a series of aligned het-
ducive to correlated, collective phases of matter. erobilayer transition metal dichalcogenides (ex. aligned

Today, there are roughly a dozen distinct moiré ma-  WSes / WSy [30, 31], Fig. le; aligned MoTey / WSesy
terial platforms designed by this prescription that have [32-34], Fig. 1f) and aligned graphene / hexagonal boron
been the subject of immense theoretical and experimen-  nitride (hBN) heterostructures (ex. monolayer / bilayer
tal research efforts. The rotational misalignment design  graphene aligned to hBN [35-39]). Furthermore, many
motif describes a wide variety of moiré homobilayers, in- more moiré material platforms have been predicted to



host exotic correlated electronic states, and are awaiting
experimental realization [40-48].

Moiré materials sit naturally at the confluence
of two influential paradigms of quantum materials re-
search: electronic correlation effects and topologically
protected properties. Electronic correlation effects arise
from many-body interactions among electrons that pro-
duce complex and collective phenomena. In moiré ma-
terials, emergent flat moiré bands quench the kinetic en-
ergy of the dispersive electronic bands found in natural
2D materials by nearly 3 orders of magnitude [49, 50],
causing Coulomb interaction energies to dominate the
system’s dynamics. These settings are conducive to cor-
related phases, the nature of which depends critically on
properties unique to each moiré material platform. Topo-
logically protected properties describe the unchangeable
properties of materials derived from geometric qualities
of the material’s energy bands. The low-energy band
structures of many commonly used 2D materials in moiré
materials (ex. graphene, transition metal dichalcogenides
(TMDs)) are described by the Dirac physics associated
with the hexagonal atomic lattice motif. Furthermore,
moiré materials made from TMD layers host intrinsic
spin-orbit coupling conducive to topological properties.

Because these effects co-exist in moiré materi-
als, correlations and topology come together to pro-
duce novel electronic phases, some of which were pre-
viously unrealizable within either paradigm individually.
The correlation-driven topological phases found in many
moiré materials are notable examples of this synergy.
Typically, topological phases are derived from single-
particle effects, and are most commonly found in materi-
als with strong spin-orbit coupling [51-58]. In contrast,
correlations in moiré materials can break symmetries
that protect previously inaccessible sources of topolog-
ical Berry curvature in 2D materials, producing new and
unexpected correlated topological phases [59-68], some
without single-particle analogues (ex. fractional Chern
insulators) [22, 23, 69-71].

B. Rich, Tunable Phase Diagrams of Moiré
Materials

We begin with a brief summary of the electronic
landscape of a few of the most studied moiré materials
to-date. Fig. 1 shows a series of schematic phase dia-
grams, each the culmination of the collective efforts of
dozens of research groups around the world. Fig. 1b
represents the phase diagram of magic-angle twisted bi-
layer graphene (MATBG) as a function of out-of-plane
magnetic field and filling (v). At zero magnetic field,
MATBG hosts a correlated insulator near v = —2 [4] and
an unconventional superconductor upon hole-doping this
insulator [5]. The microscopic nature of these phases will
be the focus of Sections IIT and VII, respectively. These
zero-field ground states are quenched in a magnetic field,
giving rise to a high-field pseudogap regime [72], a pre-

cursor to superconductivity, and a sequence of integer
[62-67] and symmetry-broken Chern insulators [64, 68],
which will be the focus of Section V.

Fig. 1c represents the phase diagram of twisted bi-
layer MoTey (tMoTes) as a function of out-of-plane elec-
tric field and filling. Unlike MATBG, tMoTes admits
an electric-field tunable flat band structure derived from
the inequivalent stacking regions of its uniquely hexago-
nal moiré superlattice. tMoTes displays spontaneous or-
bital ferromagnetism within a wide range of fillings [21],
which additionally stabilizes a quantum anomalous Hall
(QAH) insulator (i.e. Chern insulator at zero magnetic
field) at filling v = —1 and fractional Chern insulators
(FCIs) showing fractional quantum anomalous Hall ef-
fects at fillings v = —2/3,—-3/5 [22, 23, 70, 71]. A series
of topological phase transitions are induced with increas-
ing electric field, resulting in correlated insulating phases
at these fillings. These are likely Mott and generalized
Wigner crystal (GWC) states [30, 31], although verifica-
tion of this will require further investigation using local
imaging techniques. Finally, a compressible state with
a large Hall resistance of 2h/e? appears near filling v
—1/2 [70], possibly an anomalous composite Fermi liquid
regime reminiscent of the half filling state of the lowest
Landau level 73, 74].

Fig. 1le represents the phase diagram of aligned
WSes / WSs as a function of temperature and fill-
ing. The moiré superlattice potential of heterobilayer
moiré materials made from TMDs is deeper than those
of twisted graphene-based moiré materials [75], which fa-
vors charge-ordered states where electrons / holes are
trapped near high-symmetry-stacking locations of the
moiré superlattice. In aligned WSey / WSy , charge-
ordered Mott insulators are observed near v = =1
[30, 31], and GWC phases (i.e. commensurate filling
electron solid phases) are observed near roughly two
dozen fractional fillings [31, 76, 77]. These charge-ordered
phases will be the focus of Section IV.

Finally, Fig. 1f represents the phase diagram of AB-
stacking-aligned MoTes / WSes as a function of out-of-
plane electric / displacement field and filling. Here, “AB-
stacking” refers to a near 60° twist angle between MoTe,
and WSe, layers, distinct from “AA-stacking” (twisted
near 0°) because of the threefold rotational symmetry of
the TMD layers. Near v = —1, AB-stacked MoTey /
WSes hosts a correlated insulator, the nature of which
depends on the magnitude of the electric field [32, 34].
The Mott insulator is doped into a metallic state with
quantum oscillations associated with the bands of both
MoTes and WSey. The charge-transfer insulator (CT
Ins.) is doped into a metal with quantum oscillations only
associated with the WSey layer, while the MoTes layer
remains insulating and hosts a lattice of local moments.
The coupling between these layers produces a tunable
moiré Kondo lattice regime [34], persisting to v = —2,
where a quantum spin Hall (QSH) insulator appears over
a broad range of displacement field [33]. Further increas-
ing the displacement field at v = —1 produces a Chern



+1 insulator with a quantized anomalous Hall response
[32].

C. Capabilities of Local Probe Techniques

Electrical transport measurements have discovered
many phases in moiré materials, offering several advan-
tages over competing techniques. They can identify in-
sulating phases by their activated “Arrhenius” behavior,
topological phases by their hysteretic Hall response, and
superconducting phases by their vanishing resistance and
associated Fraunhofer oscillations (although such signa-
tures are, alone, not definitive). Additionally, transport
measurements are highly compatible with the dual-gated
device structures needed to access the full parametric
phase space of electric-field tunable moiré materials.

Following up on landmark transport experiments,
however, local probe techniques (Table I) have demon-
strated an important influence on our understanding
of these complex phase diagram and of the electronic
mechanisms at play in moiré materials. These tech-
niques include a suite of local spectroscopic probes that
include scanning tunneling microscopy / spectroscopy
(STM / STS) and micro- / nano-scale angle-resolved
photoemission spectroscopy (¢ARPES / nanoARPES),
thermodynamic probes that include scanning single-
electron transistor (scanning SET), and electromagnetic
probes that include scanning nano-scale superconduct-
ing quantum interference device (nano-SQUID), scanning
nitrogen-vacancy magnetometry (scanning NV), scan-
ning nearfield optical microscopy (SNOM), microwave
impedance microscopy (MIM), Kelvin probe force mi-
croscopy (KPFM), and electrostatic force microscopy
(EFM). Each probe has offered a distinctive and com-
plementary experimental perspective for distinguishing
complex quantum phases in this class of materials.

Spectroscopic probes like STM / STS and pARPES
/ nanoARPES give experimentalists energy resolution
to visualize the dispersion characteristics of moiré flat
bands [78, 79], to spectroscopically probe electronic exci-
tations that distinguish many-body states [80], to iden-
tify collective excitations that strongly couple to elec-
tronic degrees of freedom [81], and to quantify subtle
effects of orbital magnetism through Landau-level spec-
troscopy [82]. Moreover, the high energy-resolution of
millikelvin-temperature STS experiments gives distinct
insights into the nature of energetically gapped correlated
phases, including correlated insulating, superconducting,
and topological phases [62, 66, 72, 83-85].

As a thermodynamic probe, scanning SET gives re-
searchers access to the chemical potential and the elec-
tronic compressibility of moiré materials [68, 69, 86, 87].
This technique is singular in its ability to identify ther-
modynamic phase transitions between correlated phases,
and to do so in microscopic (~ 0.01 ym?) regions of de-
vices where fragile quantum phases can be stabilized. In
addition, by performing such measurements as a function

of temperature, out-of-plane electric field, or out-of-plane
magnetic field (in conjunction with Maxwell’s relations),
researchers gain access to the entropy, the electric polar-
ization, or the magnetization of the system, respectively
[88]. Such information can not only complement trans-
port and spectroscopic experiments, but also provides in-
sights into the nature of complex correlated phases that
are otherwise inaccessible.

Lastly, many electromagnetic probes are used to in-
vestigate correlated phases that admit broken inversion-
symmetry and broken time-reversal symmetry, which
produce measurable electrostatic and magnetostatic re-
sponses, respectively. Nano-SQUID techniques have
characterized the magnetic response of orbital magnetic
phases ubiquitously found in moiré materials [89, 90].
Scanning NV has identified moiré magnetism, spatially
modulating spin configurations, in twisted Crlz [91, 92].
KPFM, EFM, and SNOM measurements have identified
ferroelectric phases and distinctive lattice dynamics oc-
curring in stacking-engineered polar moiré materials [93—
97]. Overall, the spatial resolution of these techniques
provides unique insights into the domain structure and
electric domain-switching mechanisms of magnetic and
ferroelectric phases in moiré materials.

D. Advantages of Local Probe Techniques

Broadly, local probe techniques have been success-
ful in the budding field of moiré materials research be-
cause they give us access to the physical observables
most relevant to identifying and distinguishing quan-
tum phases of matter, often at the micrometer- or even
the nanometer-scale. Moreover, local probe techniques
are robust against the extrinsic inhomogeneity that has
plagued early studies in this field [98]. Experimental
studies of moiré materials often struggle to address se-
vere sample-to-sample variations, stemming from the en-
ergetically competitive nature of a manifold of ground
states in these systems. Such states are extremely sen-
sitive to the presence of classic types of sample disor-
der, like charge inhomogeneity, but also the presence of
new types of sample disorder particular to moiré mate-
rials, like twist angle gradients or interlayer heterostrain
[99]. In these settings, local probe techniques present
a robust perspective to understanding these correlated
ground states because they can often not only quantify
the disorder landscape of a particular device location (ex.
strain and twist angle), but also relate this characteriza-
tion to the electronic phenomenology measured in that
same sample location.

Finally, local probe techniques are particularly infor-
mative in the presence of intrinsic (i.e. electronic) inho-
mogeneity. This advantage helps distinguish the micro-
scopic mechanisms responsible for electronic phases, and
emphasizes the importance of spatial resolution to local
probe techniques. Consider the situation where electrical
transport experiments measure an insulating phase in a



Local Probe Technique

Working Principle, Capabilities, and
Limitations

Experimental Insights

- Voltage bias the sample and
measure the quantum tunneling

- Spectroscopically measure flat
bands and their one-particle

Scanning Tunneling S current through the tip-sample excitations (i.e. spectral function)
Microscopy / . . .
Spectroscopy junction. - Density-dependent spectroscopy of
(STM/ STS) _|__| - Measures dl})cal density of states energetically gapped phases (i.e.
r:BN . Moiré (LDOS. o Fi7) with ~ 50 peV energy 1nsulat1pg7 superconducting,
Back Material | Tesolution and atomic-scale spatial topological phases)
Gate resolution. Limited to back-gated - Wavefunction mapping of correlated
NG device geometries. phases in ultra-clean materials
—) - Measure the 2-terminal conductance |- Measure the chemical potential (u)
J_—i |—' of the tip SET, using a local gate to |and electronic compressibility (Z—Z) of
Scanning = maintain voltage sensitivity. many-body phases
Sirllgrlsngilsgﬁon STIIEpT U - Measures electronic compressibility |- Identify thermodynamic phase
(Scanning SET) : = (3—2) with ~ 100 nm spatial transitions between correlated phases
vore |resolution and = 107> uV/, /Hz : Me%surfe the entropy (S), ele'ctri‘c
hga'\é; Material | voltage sensitivity. Limited to po}ar1zat10n (P), and magnetlzatlgn
Gate back-gated device geometries (but (M) of correlated phases via T-, F-,
compatible with hBN encapsulation). |and g—dependence, respectively
- Shine monochromatic light on the
sample and measure the energy and |- Spectroscopically visualize the
Nanoscale . . . s
Angle-Resolved <> @ momentum of ejected electrons. dispersion characteristics of the flat
Photoemission - Measures energy-momentum bands themselves
(ﬁgﬁgt.f;ﬁ%) Analyzer | dispersions (DOS(E,k)) with ~ 20 - Identify collective excitations that
B meV energy resolution and sub-uym |strongly couple to electronic degrees
vaore - |spatial resolution. Limited to of freedom (ex. phonons, plasmons,
back-gated device geometries and magnons, etc.)
elevated temperatures (T > 20 K).
- Drive sample locally with
microwave radiation and measure the
Microwave real / imaginary parts of the reflected . . .
’I\zrjpedance signal. - Sensitive to correla..ted 1nsu!at1ng
lc(ms'\%)py . Measures local electrical phases that are fragile and difficult to

conductivity and permittivity with ~
50 nm spatial resolution. Limited to
back-gated device geometries (but
compatible with hBN encapsulation).

stabilize homogeneously over
micron-sized devices.

Kelvin Probe Force /
Electrostatic Force
Microscopy
(KPFM / EFM)

- Voltage bias the tip and measure
either the electrostatic force profile of
the sample directly (de-EFM) or the
voltage necessary to cancel the
electrostatic force signal (KPFM).

- Measures variations in a material’s
surface potential with as high as ~ 1
nm spatial resolution. Mostly limited
to elevated temperatures (T > 4 K).

- Sensitive to inversion symmetry
broken phases that admit
electrostatic responses

- Identifies polar / ferroelectric phases
- Elucidates the domain structure
and electric domain-switching
mechanisms ferroelectric phases (and
can control switching using the tip’s
electric field)

hBN + Moire
Back Material
Gate ]
]
=
Nanoscale
Superconducting
Quantum )@
Interference &= _L
(Nano-SQUID)

Moiré
Material

- Voltage bias and measure the
current through the tip’s SQUID via
a series SQUID array amplifier.

- Measures local B-field strength with
submicron spatial resolution and
magnetic field sensitivity of ~ 15
nT/,/Hz at certain B-field values.
Capable of probing dual-gated
encapsulated devices.

- Sensitive to time-reversal symmetry
broken phases that admit
magnetostatic responses

- Elucidates the domain structure
and domain-switching mechanisms
magnetic phases, and relate this to in
situ global transport measurements

- Images thermodynamic quantum
oscillations to reconstruct local band
structure features

TABLE I. Local Probe Techniques for Studying Moiré Materials.




2D material. For that same state, local probes like the
STM can use the spatial distribution of the local density
of states to identify the nature of this insulating phase
(ex. a charge-density wave state in NbSey [100, 101], a
Mott insulating state in TaSes [102], or an incommensu-
rate Kekulé spiral state in MATBG [84, 103, 104]). Re-
cent innovations in van der Waals device geometries have
further equipped local probe techniques in their abilities
to measure new physical observables, like the real-space
distribution of charge, which has enabled the direct vi-
sualization of new electronic order (ex. a series of GWC
and stripe phases in aligned WSy / WSes) [17, 105].

In this Review, we highlight many important dis-
coveries of exotic quantum phases in moiré materials.
We emphasis how researchers have utilized the aforemen-
tioned advantages of local probe techniques to uncover
the underlying electronic mechanisms responsible for the
unprecedentedly tunable phase diagrams of moiré mate-
rials.

II. FLAT ELECTRONIC BANDS

A. Flat Electronic Bands

Moiré materials have been a rich subject of research
for several decades, prior to their most recent manifes-
tation beginning with the observation of correlated in-
sulators and superconductivity in MATBG [4, 5. In
fact, the first observations of a moiré superlattice ap-
peared in early STM studies of the surface of naturally
turbostratic graphite [106-108]. Here, STM topographic
images show a long-wavelength modulation of the rota-
tionally misaligned top graphene sheet on the surface of
highly-oriented pyrolytic graphite. Nearly two decades
later, the first spectroscopic study of these naturally
occurring moiré materials systematically correlated the
twist angle from STM topography with spectroscopic in-
formation about the system’s electronic structure [109].

The seminal work of Bistritzer and MacDonald fol-
lowed this early spectroscopic study [50], predicting the
emergence of flat moiré bands at an infinite sequence of
“magic angles” in twisted bilayer graphene, which contra-
dicted the contemporary expectation that the bandwidth
of moiré bands would decrease monotonically with twist
angle. Instead, a delicate balance of the intralayer hop-
ping terms and the out-of-plane tunneling terms in the
Hamiltonian of twisted bilayer graphene produces flat
bands at the magic angle of 1.1°, away from the zero
twist angle limit. As the angle is further reduced from
this magic angle, the bandwidth of these lowest energy
bands increases.

The “Bistritzer-MacDonald (BM) continuum model”
produced a quantitatively accurate description of the
electronic band structure of twisted bilayer graphene at
small, incommensurate twist angles. Shortly thereafter,
STM studies found van Hove singularities in twisted bi-
layer graphene made from CVD-grown polycrystalline

graphene [110]. By comparing the local density of states
to the integrated density of states of the BM model,
this study demonstrated quantitative consistency across
a range of twist angles, marking the first experimental
verification of the BM model that underpins nearly all
theoretical moiré material models today.

Within this new era of moiré materials research, new
micrometer- and nanometer-scale angle-resolved photoe-
mission spectroscopy (microARPES, nanoARPES) stud-
ies have produced direct observations of the generically
flat moiré bands in both twisted bilayer graphene (Fig.
2a), twisted trilayer graphene, and twisted transition
metal dichalcogenides [78, 79, 81, 111, 112]. These stud-
ies show narrow electronic bands (tens of meV in band-
width) that are localized in momentum near each val-
ley. By directly visualizing the band dispersions of moiré
materials, these experiments further support our under-
standing of the quantitative accuracy of continuum mod-
els in capturing the electronic structure of moiré materi-
als, despite their simplifying approximations.

B. Cascades of Electronic Transitions

Correlation effects in moiré materials are dominant,
and often cause strong reorganizations of the material’s
low-energy excitations. In MATBG, these effects are ob-
served even at relatively high temperatures (T > 6 K),
above the transition temperatures of the system’s super-
conducting and magnetic topological phases. At these
high temperatures, local spectroscopic and compressibil-
ity probes established the fundamental properties of a
correlated metallic regime in MATBG, akin to a parent
phase in this material, which sets the stage for various
low-temperature ground states [80, 86].

Fig. 2b shows STS data of the differential conduc-
tance dI/dV(V;, V,) in MATBG at T = 6 K. When the
chemical potential lies above (v > +4) or below (v <
—4) the flat bands in energy, STS measurements resolve
the van Hove singularities (vHs) of the two flat bands
of MATBG as two sharp, parallel lines in dI/dV(V,
Vy) (top and bottom regions; Fig. 2b), as observed
by many groups [113-116]. When the chemical poten-
tial lies within one of the flat bands (center region of
Fig. 2a), STS spectra show immediate broadening of the
flat bands, a consequence of strong electronic interactions
[113], further accompanied by a sequence of finer features
(the so-called “cascade” features) observed near Er[80].
Cascade features repeat in evenly spaced filling intervals,
where peaks first appear near Erand emanate in energy
as a function of density between integer fillings. Simi-
lar features were observed in magic-angle twisted trilayer
graphene [83].

The cascade of transitions observed in STS indicates
a reorganization of the low-energy excitations of MATBG
throughout the entire bandwidth and density range of
the flat bands. When the flat bands are partially filled,
the energies of the system’s excitations (as probed by
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FIG. 2. Flat Electronic Bands and Cascades of Electronic Transitions. a, Energy-momentum band dispersion of
magic-angle twisted bilayer graphene (MATBG) around the K point of the Brillouin zone, as measured in angle-resolved
photoemission spectroscopy. A purple arrow marks the lower flat band of MATBG. b, Differential conductance dI/dV(Vs,
Vg) of the cascade of transitions in MATBG, measured in scanning tunneling spectroscopy. A sudden reorganization of the
low-energy excitations of MATBG occurs near each integer filling of the moiré flat bands. ¢, Inverse compressibility du/dn(v)
of the cascade of transitions in MATBG, measured by the scanning single-electron transistor. The sawtooth-shaped signal is
indicative of resets of the chemical potential near integer fillings. Reprinted from [79, 80, 86] with minor adaptations for style

and formatting purposes.

STS in this strongly correlated regime) depend heavily
on the number of carriers in the system. The cascade fea-
tures can be understood as excitations on the correlated
metallic phase that forms the parent phase of MATBG
[117-119]. Proposals of an unusual dichotomy of density-
dependent heavy and light quasiparticle excitations, the
so-called heavy fermion picture of MATBG, are derived
from these spectroscopic observations, and do not require
isospin symmetry-breaking effects to explain the cascade
features. In this picture, localized flat-band “f” states
hybridize with itinerant topological “c” states in a sim-
plified and predictive model of MATBG that includes all
of the relevant symmetries of the system [118]. Some of
the finer, density-dependent sharp peak features of spec-
troscopy have been attributed to a Kondo-like effect that
would reflect the interaction between light delocalized
and heavy localized quasiparticles [120-123]. More ex-
perimental measurements are required to fully establish
this heavy fermion picture, which contrasts a symmetry-
breaking picture of the parent phase that proposes a
sequence of long-range isospin flavor-polarized metallic
phases separated by first or second order phase tran-
sitions, as driven by Stoner-type electronic instabilities
[86].

Similarly, scanning SET measurements of the com-
pressibility of MATBG (Fig. 2c¢) show a repetitious se-
quence of sawtooth features near integer fillings, which
are particularly prominent in the upper flat band (v > 0)
[86]. Sawtooth features occur at transitions between
highly compressible, large density of states regions of
the many-body spectrum to highly incompressible, small

density of states regions. Oscillations in the chemical
potential are also observed in STS measurements of the
higher energy “remote” band features away from Er[80],
although STS measurements are less direct than those of
scanning SET.

The sudden drops in compressibility when increas-
ing (decreasing) the carrier density of MATBG across
positive (negative) integer fillings parallel the Landau
level asymmetry reported in magneto-transport measure-
ments [5-7, 124, 125]. There, Landau fan features from
non-zero integer fillings emanate in only one direction,
pointing away from charge neutrality. Chemical poten-
tial measurements offer a natural interpretation of these
unusual features as derived from the asymmetric disper-
sion of either the system’s reorganized isospin subbands
[126, 127] or of its strong-coupling excitation spectrum
[117-119]. Under both scenarios, quantum oscillations
are only resolvable in the new low-density-of-states /
low compressibility regions of the spectrum, while none
are observable in the high-density-of-states / highly com-
pressible regions. The persistence of such a reorganiza-
tion of electronic states to high temperatures (T > 16
K; Fig. 1c) makes symmetry-breaking dominated mech-
anisms less likely, but are perhaps better understood as
a consequence of the formation of a strongly correlated
state, such as that captured by the heavy fermion picture
of MATBG [117-119].

The combination of early magneto-transport experi-
ment results with the observations presented in this sec-
tion [80, 86] have helped identify the most fundamental
electronic ingredients in MATBG, which provide crucial



constraints for developing microscopic theories derived
from a holistic experimental understanding of this corre-
lated system [117, 118].

III. CORRELATED INSULATING PHASES IN
MOIRE GRAPHENE

A. Isospin Symmetry-Breaking in Moiré Graphene

Spontaneous symmetry-breaking occurs when
Coulomb interactions among electrons set the domi-
nant energy-scale in the system’s Hamiltonian, produc-
ing symmetry-broken phases that mitigate these inter-
action energetic costs. In moiré materials, this motif
describes an abundance of correlation-driven insulators
observed at commensurate integer fillings in magic-angle
twisted bilayer graphene (MATBG; Fig. 1b) [4, 6, 7],
magic-angle twisted trilayer graphene (MATTG) [24, 25],
twisted monolayer bilayer graphene (tMBG; Fig. 1c)
[8, 9], and twisted double bilayer graphene (tDBG) [11-
13].

In this section, we highlight work that has precisely
identified complex symmetry-broken orders in MATBG
and MATTG using the spatial- and energy-resolution of
scanning tunneling microscopy / spectroscopy (STM /
STS) [84, 85]. In MATBG and MATTG, correlated in-
sulators present signatures of intricate symmetry-broken
orders imprinted upon the local density of states on the
graphene atomic-scale. High-resolution STM imaging ex-
periments were particularly important for understand-
ing the role of isospin symmetry-breaking effects in these
platforms in the absence of any predicted differentiating
signatures accessible to globally averaged probes.

Prior to these recent STM studies, transport ex-
periments on MATBG first revealed a correlated insu-
lator at v = —2, half-filling of the system’s lower flat
band [4]. These observations were suggestive of a Mott
insulator, particularly when observed in proximity to
low-density superconducting phases at nearby densities
(i.e. reminiscent of the cuprate phase diagram) [128-
130]. Similar observations have been made in MATTG
near v = —2 [24, 25]. Further transport experiments,
however, provided contrasting insights into the nature of
these insulators. First, subsequent work uncovered cor-
related insulators at odd integer fillings (ex. v =+3 in
MATBG) [6, 7, 124], emphasizing the importance of val-
ley degrees of freedom in MATBG that, together with
the spin degree of freedom, supports a 4-fold isospin de-
generacy. Second, subsequent work confirmed observa-
tions of a 2-fold reduced-degeneracy Landau fan observed
in magneto-transport measurements emanating from v
= —2 [6, 7, 64], in contrast to the 4-fold degenerate
Landau fan observed near charge neutrality. Consis-
tently observed across samples, this was a strong indi-
cator of a broken-isospin-symmetry insulator at v = —2
[126, 127, 131], distinct from the originally proposed Mott
phase.

B. Mapping Correlated Insulators in Moiré
Graphene

One outstanding question was that none of these ex-
periments yield information about which isospin symme-
tries are broken near v = +2. Answering this question is
important for addressing the nature of superconductivity
in MATBG and MATTG, as they appear most robustly
near v = £2. As is often the case, the origins of many-
body electronic phases are elusive to global probes, where
the only distinguishable signatures of symmetry-breaking
are imprinted upon the state’s microscopic wavefunc-
tion. To address this issue, the spatial resolution of
the STM provided an incisive probe of the exact nature
of symmetry-breaking effects in MATBG and MATTG
by characterizing atomic-scale signatures of its electronic
phases [84, 85]. Such techniques have not only enabled
us to narrow the number of candidate ground states con-
sistent with experiments by visualizing the symmetries
being broken, but also to identify the correlated insula-
tors at ¥ = %2 in these two platforms by closely compar-
ing local observables to those of theoretical ground state
candidates.

Shown in Fig. 3a is a low-bias STM image of the v
= —2 correlated insulator in MATBG, with four atomic-
scale images of high-symmetry stacking regions of the
moiré superlattice. Overlaying the graphene atomic lat-
tice is an atomic-scale wavefunction pattern (i.e. |¢(x)|?)
dubbed the “R3 pattern”, which breaks translation sym-
metry, forming a /3 x /3 reconstruction that triples
the graphene unit cell, and breaks rotational symme-
tries, forming locally nematic R3 patterns even in high-
symmetry sites of the moiré superlattice where one ex-
pects the rotational symmetries of graphene to be pre-
served [84]. Similar patterns appear in MATTG near v
= —2 [85], and within the zeroth Landau level (v = 0)
of monolayer graphene [132].

The R3 pattern is most intuitively understood in
Fourier space (local magnitude and phase fast Fourier
transform (FFT) plots, Fig. 3a). In each local FFT,
the six outer peaks are the Bragg peaks of graphene
(@Bragg), associated with the wavevector G. The six
inner peaks (Qrv¢) appear near v = 42, and are as-
sociated with a longer wavelength modulation than the
Bragg peaks. They identify the v/3 x /3 reconstruc-
tion of the R3 pattern, and are a smoking gun signature
of intervalley coherent (IVC) isospin order because they
are associated with the wavevector K , which points from
valley K to valley K'. Note that STM measurements of
|4(z)]? of the R3 pattern reflect relative phase informa-
tion between valleys contained in the wavefunction ¢ (z).

In MATBG, a symmetry-based, group-theoretical
approach was introduced to extract locally defined order
parameters from STM images, which enabled classifying
the symmetries of its correlated phases. These local order
parameters (Fig. 3b) are complex-valued functions that
capture all of the translation and rotational transforma-
tion properties of the R3 pattern under the symmetries of
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FIG. 3. Mapping Correlated Insulators in Moiré Graphene. a, Large-scale (50 x 30 nmz) atomically resolved STM
topographic image obtained at filling v = —2 in MATBG, which shows atomic-scale signatures of intervalley coherence (IVC)
that modulate on the moiré-scale. Small-scale (2 x 2 nm?) zoomed-in images show how these wavefunction patterns and their
FFTs change among locations. b, Schematic diagram of the local FFT order parameter decomposition of STM images. Small-
scale (0.25 - 1 nm?) topographic images, cropped from the large-scale image in a, are used to extract local FFT amplitude (left)
and phase (right) information. This information is further decomposed into three IVC order parameters, whose magnitudes
sum in quadrature to produce the IVC total order parameter (bottom row). ¢, Local order parameter maps of IVC total (upper
left panel), which describes the overall intensity of the IVC wavefunction patterns, and of IVC Bond (upper right) / Site A
(lower left) / Site B (lower right), the magnitude of which characterizes the type of IVC wavefunction patterns and the phase
of which characterizes the shape of the patterns. d, Local order parameter maps of IVC vortices and antivortices in MATBG,
where the complex phase of the local IVC order parameters wind by +27. Reprinted from [84] with minor adaptations for style
and formatting purposes.

the graphene lattice. Particularly, the IVC order param-
eters measure the intensity of specific types and shapes
of symmetry-broken R3 patterns. IVC Bond / Site A /
Site B order parameters (Fig. 3b) measure the intensity
of the R3 pattern with states centered on the carbon-
carbon bonds / A-sublattice carbon site / B-sublattice
carbon site of graphene. The magnitude of each complex
order parameter measures the intensity of that type of
R3 pattern, while the complex phase measures the shape
of the R3 pattern of a given type within the newly tripled
graphene unit cell.

Over a large field-of-view STM image of the v = —2

correlated insulator (=~ 50 x 50 nm?), Fig. 3c shows a
gray-scale plot of the real-valued IVC Total order pa-
rameter (upper left panel) and color plots of the complex-
valued IVC Bond (upper right), IVC Site A (lower left),
and IVC Site B (lower right) order parameters. The
color of each pixel represents the phase of these order pa-
rameters while the brightness represents their magnitude
at each location. The IVC Total map, which measures
the overall strength of the R3 pattern, is moiré-periodic;
whereas, the IVC-Bond, IVC-A, and IVC-B maps break
moiré translation and rotational symmetries, showing
stripe-like features that change in phase as a function



of position in the moiré superlattice. Moreover, IVC or-
der parameter vortices and antivortices (phase winding
Af = £27 over a closed loop) appear upon subtract-
ing a linear phase background from IVC Bond / A / B
maps (Fig. 3d). These vortex features appear near lo-
cations of deep suppressions of the IVC Total strength,
located near AB- / BA-stacking regions of the moiré su-
perlattice. Through careful comparison of these local ob-
servables with simulations of candidate ground states in
MATBG, STM imaging experiments identified that in-
commensurate Kekulé spiral (IKS) states [104, 133-135],
highly complex quantum phases that exhibit multi-scale
symmetry-breaking, are the most likely candidate ground
states at v = +2 in MATBG in typical strained devices (e
> 0.1%) [84]. With a separate approach, high-resolution
STM imaging experiments on MATTG have detected
a subtle mismatch of the measured and ideal Qrvc¢
wavevectors [85]. These measurements are also indica-
tive of moiré-scale translation symmetry-breaking, and
are suggestive of IKS order in MATTG. This interpre-
tation was further corroborated by unusual modulations
in the atomic-scale wavefunction patterns of MATTG, as
measured in an auto-correlation analysis that uncovered
differences in the R3 pattern between neighboring moiré
unit cells.

Finally, the R3 patterns observed in both MATBG
and MATTG were found to be particularly sensitive to
external tuning parameters. For example, the R3 pattern
in MATBG appears sensitive to the presence of interlayer
heterostrain, where a few ultra-low strain (e < 0.1%) de-
vices showed R3 patterns that do not exhibit IVC stripe
and vortex features, instead presenting moiré-periodic
patterns that locally resembles a distinct, time-reversal-
invariant IVC (TIVC) order [103, 131]. A full under-
standing of these observations and the ultra-low strain
limit of MATBG is an active direction of research, both
experimentally and theoretically [136, 137]. Moreover,
the R3 patterns in MATBG and MATTG appear sensi-
tive to carrier density. While the superconducting and
pseudogap phases in both MATBG and MATTG show
R3 patterns indicative of IVC order, their R3 patterns
are distinguishable from those of the correlated insulator
at v = £2. In MATBG, discontinuous reorganizations of
the R3 pattern were observed as the correlated insulat-
ing gap near v = +£2 closed and reopened into the proxi-
mate superconducting or pseudogap states, both showing
new IVC order that remains unidentified to-date [84]. In
MATTG, the moiré-scale wavevectors of the R3 pattern
changes continuously with doping, with no discontinuity
observed between the insulator and proximate supercon-
ducting / pseudogap phase [85].

In total, these two works represent an unprecedent-
edly precise visualization of the many-body wavefunc-
tions in correlated electron systems. They provide illus-
trative examples of the incisive capabilities of wavefunc-
tion mapping with the STM to establish complex cor-
related quantum states. Such capabilities will likely be
useful in decisively identifying the microscopic nature of
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correlated phases not only in other graphene-based moiré
materials, but also those found in semiconducting tran-
sition metal dichalcogenide moiré materials.

IV. CORRELATED INSULATING PHASES IN
MOIRE TMDS

A. Electron Crystal Phases: A Brief Introduction

A effective way to lower the free energy of a strongly
interacting system, particularly at very low densities, is
for electrons to order themselves into crystalline solid
phases called “Wigner crystals”, first proposed by Eu-
gene Wigner in the 1930’s [138, 139]. The Coulomb
repulsive interaction between electrons is long-ranged,
and diverges in the limit where electronic wavefunc-
tions overlap. The physical separation of electrons in
a well-organized lattice of electrons mitigates this short-
range divergence. Schematically, the average Coulomb
potential energy between electrons scales inversely with
the average distance a between electrons (U o 1/a);
whereas, the kinetic energy of each electron scales in-
versely with the average inter-particle distance squared
(K o h?/ma?). Thus, in the low-density limit, inter-
actions promote the energetic significance of the sys-
tem’s local geometric arrangement of electrons. Evidence
for classical Wigner crystals were first reported nearly
fifty years after their original proposal in dilute electron
gases on the surface of liquid helium [140]. Evidence for
quantum Wigner crystals were reported at small Lan-
dau level filling factors of GaAs / AlGaAs quantum wells
[141]. These and many other studies have provided ev-
idence for Wigner crystals using globally averaged tech-
niques, which makes it hard to distinguish such states
from disorder-pinned localized phases. More recently,
local probe techniques using the STM have directly im-
aged Wigner crystals in the lowest Landau level of bilayer
graphene, uncovering their hexagonal close-pack struc-
tures and probing their thermal and quantum melting
transitions [142].

B. Charge-Ordered Phases in Moiré Transition
Metal Dichalcogenides

Recently, the flat electronic bands of moiré mate-
rials have produced new opportunities to realize a vari-
ety of electron crystal phases at zero magnetic field [31].
These so-called “generalized Wigner crystal” (GWC)
phases differ from those of the fractional quantum Hall
regime because of their interaction with the moiré su-
perlattice potential. Specifically, GWCs break discrete
rather than continuous translational symmetry, with spa-
tial structures dominated by the moiré superlattice. In
semiconducting transition metal dichalcogenide (TMD)
moiré materials, spectroscopic studies have measured
deep moiré electrostatic potentials [75], an ideal template
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FIG. 4. Imaging Correlated Insulators in Moiré TMDs. a, Schematic diagram of a microwave impedance microscopy
(MIM) experiment on aligned WSes / WSa. b, Typical response curve in MIM experiments. A microwave AC signal impinges
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the tip-sample impedance measured in b. d, MIM-Im signal measured as a function of gate voltage. Deep suppressions of
MIM-Im are indicative of resistive dissipation of the signal within the sample, which occur at Mott and generalized Wigner
crystal (GWC) states in WSez / WSa. e, Schematic diagram of an STM charge-sensing experiment. WSes / WS, is covered
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g, Charge-sensing dI/dV maps of the encapsulating graphene sensing layer. The spatial characteristics of local discharging
events in graphene directly reflect the charge configuration of correlated state in the underlying WSes / WS,. Reprinted from
[77, 105] with minor adaptations for style and formatting purposes.

for localizing electrons within the superlattice at specific,
rational filling factors of electrons per moiré unit cell.
At rational fillings, a natural partial occupancy of moiré
sites is possible that, for example, triples the superlat-
tice unit cell at one-third filling (Fig. 1e) [76, 77]. At
fillings v = £1/3, £1/4, and +1/7, isotropic triangular
GWCs appear on the triangular moiré superlattice with
enlarged and rotated primitive lattice vectors that break
moiré-scale translation symmetry. At fillings v = +1/2,
+2/5, GWCs exhibit enlarged unit cells that addition-
ally break the rotational symmetries of the superlattice
(i.e. moiré-scale “stripe phases”) [143]. Experimentally,
filling-dependent resistive features should identify these
phases in transport measurements. However, the semi-
conducting bandgap of monolayer TMDs causes a Schot-
tky barrier at the interface between these materials and
their metallic device contacts, inhibiting direct measure-
ments. Consequently, identifying correlated phases in
TMD moiré materials using low-temperature transport
techniques has been notoriously difficult.

In this Section, we highlight recent local probe exper-

iments using microwave impedance microscopy (MIM)
and scanning tunneling microscopy (STM), which probe
charge-ordered phases in WSes / WSy moiré superlat-
tices while circumventing the complications of ohmic con-
tact engineering. These experiments uncover an abun-
dance of GWC phases at nearly two dozen fractional com-
mensurate fillings of the moiré superlattice, and even pro-
vide spatial signatures of these phases that directly con-
firm their translation and rotational symmetry-broken
nature.

C. Imaging Correlated Insulators in Moiré TMDs

The earliest reports of charge-ordered states in TMD-
based moiré materials investigated WSey / WSa moiré
superlattices, primarily using optical probes [30, 31].
These reports uncovered a correlated insulator at filling v
= —1, whose integer charge occupancy per moiré unit cell
was suggestive of a Mott insulator (upper left panel; Fig.
4f). This was further evidenced by signatures of local,



antiferromagnetically ordered moments at v = —1, as
expected in the triangular lattice Hubbard model [30].
Additionally, correlated insulators were observed near
fractional fillings v = —1/3 and —2/3 [31]. The sim-
ple fractional values of charge occupancy per moiré unit
cell of these insulators was suggestive of GWCs (upper
right and lower left panels; Fig. 4f).

Following these initial reports, a study using MIM
[77], concurrent with a newly established “exciton sens-
ing” optical study [76], reported an abundance of GWCs
occurring at roughly 20 rational filling factors (Fig. 1le).
In MIM experiments, a sharp metallic tip capacitively
couples to the WSey / WSy moiré superlattice sample
(Fig. 4c). A microwave signal (typically in the range of
1 to 10 GHz) impinges upon the sample, and the imagi-
nary part of the reflected signal (denoted MIM-Im) pro-
vides information about the signal’s resistive dissipation
within the sample (Fig. 4b) [144]. Here, the MIM-Im
signal strength acts effectively as a local transport probe
of the GWC states. Because the microwave-induced AC
electric field is local, only the carriers nearest the tip-
sample junction are affected. Thus, the sample contact
is only necessary for electrostatic gating and, therefore, is
amenable to the large RC charging time constants typical
of non-ohmic contacts.

Fig. 4d shows the MIM-Im signal of this experi-
ment as a function of back gate voltage. Deep suppres-
sions of the MIM-Im signal act as signatures of corre-
lated insulators that appear localized to simple integer
and rational filling factors of the flat band of WSey /
WS, [77]. These deep suppressions appeared at nearly
the same gate voltages at several locations in their de-
vice. In addition, temperature-dependent studies of this
signature demonstrated that the insulating suppressions
vanished at filling-dependent temperatures that resem-
bled those expected from small-scale Monte Carlo simu-
lations of the proposed GWC states.

Subsequently, STM imaging experiments provided
unequivocal evidence for these Mott and GWC states
by introducing a new charge-sensing method (Fig. 4e)
that enabled researchers to directly visualize these corre-
lated ground states in real-space [105]. In these experi-
ments, aligned WSey / WSs was encapsulated from the
top by a thin hBN spacer layer, covered by a monolayer
graphene sensing layer that was exposed to the STM tip.
When WSes / WSy is electrostatically gated into a corre-
lated insulating state, discrete charges become localized
to high-symmetry-stacking regions of the moiré super-
lattice (Fig. 4f). Each of these trapped charges can be
locally discharged by a voltage-biased STM tip, and this
discharging event can be measured in dI/dV spectra of
the top graphene sensing layer. Thus, this technique pro-
vides a direct measurement of the moiré superlattice area
per trapped electron / hole (not necessarily the state’s
Wigner-Seitz unit cell), as schematically depicted in the
panels of Fig. 4f by dark outlined polygons.

As observed in STM charge-sensing experiments,
states at fillings v = —1/3, —2/3 (middle panels; Fig.
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4g) are indeed triangular and hexagonal GWCs, respec-
tively, that break moiré translation symmetry. In addi-
tion, the GWC at filling v = —1/2 (right panel; Fig.
4g) is a moiré-scale stripe phase that breaks both moiré
translation and rotational symmetries.

V. TOPOLOGICAL INSULATING PHASES
A. Time-Reversal Symmetry in Moiré Materials

Magnetic topological phases arise in moiré materials
in ways different than those found in the quantum Hall
regime [145, 146] because the origins of the flat bands
in these two systems are fundamentally different. Moiré
flat bands arise from either the hybridization or Brillouin
zone folding of the low-energy dispersive bands of the
system’s 2D layers. Such effects produce narrow elec-
tronic bands at zero magnetic field [49, 50] with intrinsic
Berry curvature derived from the material’s component
layers. These flat moiré bands preserve time-reversal
symmetry, in contrast to the magnetic-field derived flat
Landau levels in quantum Hall systems. Breaking time-
reversal symmetry in moiré materials can unlock this
hidden Berry curvature, stabilizing magnetic topologi-
cal states even in the near absence of d-electron states
or spin-orbit coupling (ex. graphene-based moiré mate-
rials).

In this Section, we highlight the discoveries of
new correlation-driven magnetic topological phases [147],
many of which were first discovered using scanning SET
and STM / STS [62, 66, 68, 69, 87, 148, 149]. In the
subsequent Section (VI), we will discuss local imaging
experiments of magnetic topological phases using scan-
ning nano-SQUID.

B. Orbital Magnetism in Graphene-Based Moiré
Materials

In graphene-based moiré materials, topology stems
from the low-energy dispersion of monolayer graphene,
characterized by linear crossings called “Dirac points”
that host singularities of Berry curvature localized at
the K and K’ points of graphene’s Brillouin zone.
These Dirac points are protected by a composite CoT-
symmetry, comprised of an 180° rotation (Cs) and a spin-
less version of time-reversal symmetry (7). In MATBG,
breaking either symmetry gaps the Dirac points, produc-
ing an emergent set of flat valley-Chern subbands. Asym-
metrically populating a subset of these Chern bands with
a net Chern number then gives rise to an anomalous Hall
effect in MATBG that can be measured directly in trans-
port measurements of py,.

The anomalous Hall effect was first observed near
v = 43 in MATBG devices aligned to hBN (MATBG
/ hBN), which breaks the Cj-rotational-symmetry of
graphene [59]. MATBG / hBN showed an enormous,
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hysteretic anomalous Hall effect below 5 K and a drop
in the longitudinal resistance (R, ), signifying the onset
of an incipient Chern insulator, and non-local transport
consistent with the presence of a chiral edge mode ex-
pected of an orbital magnetic state. Subsequent work
showed that in a more homogeneous MATBG / hBN de-
vice (both in twist angle and in charge homogeneity),
a deep suppression of the longitudinal resistance near v
= 43 appeared concomitant with a quantized Hall re-
sistance of e%, indicative of a quantum anomalous Hall
insulator at this filling.

In addition to these reports in MATBG, contempora-
neous work has demonstrated anomalous Hall responses
[8, 9, 60] or strong non-linear Hall responses [11, 125] in
several other moiré materials. Particularly noteworthy is
the Chern insulating phase at ¥ = —1 in ABC-stacked
trilayer graphene aligned to hBN (C = —2) [60].

C. Local-Sensing of Topological Invariants

Although local probes do not have direct access to
the quantized Hall conductance of topological insulat-
ing phases, these techniques are capable of an alternate,
equivalent measurement method. Here, scanning SET
and STS measurements use the Streda formula to mea-
sure the Chern number C of these phases. Streda’s the-
orem states that the charge density n of a topological
insulator changes with magnetic field B at a rate equal
to its quantized Hall conductance o4, [150]:

dn o,y C
—_— = = — 1
dB e D S

where @ is the fundamental flux quantum. Streda’s for-
mula (above) describes a universal property of topolog-
ical insulators, regardless of their origin. Transport ex-
periments measure C directly via Hall conductivity mea-
surements. However, local probes cannot access these
observables. Instead, one can track the insulator’s den-
sity n as a function of magnetic field B. The Chern
number C is, thus, inversely proportional to the slope of
the state’s linear trajectory in a plot of (n, B).

This local method may seem circuitous, but there
are two distinct advantages of this approach. First, local
probes are excellent at identifying topological phases that
are difficult to stabilize uniformly over micron-scale de-
vices, but can be found in the highest quality nanometer-
scale regions of a device. Second, local probes provide
complementary observables that enable the unequivo-
cal classification of these phases as correlation-driven
Chern insulators. Alternatively, a newly developed nano-
SQUID technique is also capable of local Chern number
measurements by sensing the local change in magnetiza-
tion as a function of chemical potential dM/du, even at
zero magnetic field [90]. In summary, these techniques
provided a robust way to use local probe measurement
schemes to access the topological invariant of the system.
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D. Correlation-Driven Topological Phases in
MATBG

Correlation effects unlock previously inaccessible
sources of Berry curvatures in the topological band cross-
ings of 2D materials, producing correlated Chern insu-
lators (CCIs) that break T-symmetry (Fig. 5b) and
symmetry-broken Chern insulators (SBCIs) that break
both T-symmetry and moiré-translation symmetry (Fig.
5¢). Both are intrinsic to MATBG, which hosts a hi-
erarchy of CClIs that emanate from every integer filling
v = #£1, +2, and +3 with Chern numbers C = +3,
+2, and +1 (Fig. 1b). Many groups have observed these
CClIs using complementary techniques [62-68]. Addition-
ally, MATBG hosts SBCIs emanating from certain half-
integer fillings v = +1/2 and +3/2 with Chern numbers
C = 43 and £2. These states have been observed in only
a few devices to-date, and host energy gaps much smaller
than the neighboring CCI states in MATBG [64, 68].

Scanning SET measurements of the compressibility
of MATBG (Fig. 5e) [68] reveal a vibrant magnetic-field-
dependent phase phenomenology resulting from many
combinations of symmetry-breaking effects. By tracking
the density of incompressible peaks as a function of mag-
netic field, scanning SET measures the Chern numbers
of these insulators, uncovering the previously described
sequence of CCIs (blue lines in Fig. 5e) and a rare sight-
ing of a C = —3 SBCI from v = —1/2 (yellow line in
Fig. 5e). Similar approaches have now been used to dis-
cover topological phases in twisted TMD moiré materials
[148, 149].

Importantly, negative compressibility features are a
direct signature of correlation-driven phase transitions,
and are seen near the incompressible peaks of each CCI.
Some phase transitions were even observed to be hys-
teretic when sweeping either n or B, indicating their
first-order nature. Such measurements have uncovered
crucial thermodynamic evidence for the phase transitions
that give rise to CCIs in MATBG.

Similar to SET experiments, STS measurements can
track the densities of Chern gaps as a function of mag-
netic field to extract the Chern numbers of CCIs. In
addition, Chern gaps in STS data appear to open and
close at Fp, unassociated with single-particle gap fea-
tures away from Er (ex. C = —3 CCI gap in MATBG;
Fig. 5f) [62, 66]. Such spectroscopic behavior is an un-
equivocal signature that these CCIs result from electronic
correlation effects. Together, these two capabilities make
STS an incisive probe of many-body topology. Similar
techniques have now been used to identify Chern phases
in other moiré materials (ex. twisted monolayer-bilayer
graphene) [151, 152].

Correlation effects also produce fundamentally new
kinds of topological phases without single-particle ana-
logues, including fractional Chern insulators (FCIs) mea-~
sured in recent scanning SET experiments on MATBG
/ hBN [69]. Electronic compressibility measurements
confirm a quantum anomalous Hall state near v = +3



[59, 61, 87], further confirming that the density range be-
tween v = 43 and +4 is well-described by a single, iso-
lated Chern C = —1 subband. At low magnetic fields (B
< 5 T), calculations show that the Berry curvature of this
Chern subband is concentrated in a hot-spot near the I"
point of the moiré Brillouin zone. This Berry curvature
distribution favors charge density wave states (Fig. 5a
and green lines in Fig. 5g) that break moiré-translation
symmetry. At moderate magnetic fields (B g 5 T), cal-
culations show a redistribution of Berry curvature that
favors FCIs (Fig. 5d and red lines in Fig. 5g), which
break T-symmetry and host non-trivial topological or-
der. Between v = +3 and +4, FCIs are observed in
MATBG / hBN with C = +1/3 (from v = +11/3) and
C =+42/3 (from v = +10/3). Very recently, FCI states
have been observed at zero magnetic field in two new
moiré materials. These include C = —2/3 and —3/5
FCIs in tMoTey (Fig. 1c) [22, 23, 70, 71], and C = 2/5,
3/7,4/9,4/7,3/5, and 2/3 FCIs in rhombohedral penta-
layer graphene aligned to hBN [153], all of which satisfy
the relation v = C. Such zero-field FCIs closely parallel
the field-stabilized FCIs in MATBG / hBN, all occurring
at partial fillings of a single isolated Chern subband.

Scanning SET measurements not only uncover FCI
states in MATBG / hBN in these simple settings, but also
in more complex settings with multiple relevant Chern
subbands [69]. A C = —4/3 FCI state emanates from v
= —5/3, likely a C = 1/3 FCI state that occurs when
electron doping a nearby C = —1 insulator. In addi-
tion, a C = —8/5 FCI state emanates from v = 11/10,
likely a symmetry-broken C = 2/5 FCI state that addi-
tionally quadruples the moiré unit cell. Finally, the most
exotic of the states reported are FCI states where the de-
nominators of their Chern numbers and their associated
fillings are co-prime. This is the case for a C = —5/2
FCI state emanating from v = —1/5, which figuratively
exists “beyond the Standard Model”, as it can neither
be described as a moiré-translation-symmetry-preserving
nor a symmetry-broken FCI state. Further theoretical
studies are required to provide an explanation for this
unexpected observation.

VI. ORBITAL FERROMAGNETIC AND MOIRE
FERROELECTRIC PHASES

A. New Material Design Principles for 2D
Ferromagnets and Ferroelectrics

Moiré materials research has introduced new
paradigms in designing ferromagnetic and ferroelectric
materials from 2D crystals that individually lack polar-
ization. These new material design principles are a di-
rect consequence of the unprecedented capabilities of van
der Waals device fabrication techniques, which enable
researchers to produce crystalline and moiré versions of
materials that either purposefully or spontaneously break
symmetries of their component 2D materials. In this sec-
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tion, we highlight recent studies using local electromag-
netic probes that have provided distinct insights into the
microscopic mechanisms of these novel orders.

B. Imaging Orbital Ferromagnetism

Time-reversal symmetry breaking leads to ferromag-
netism, of which there are broadly two types: spin or
orbital ferromagnetism. The fundamental unit of mag-
netism in a spin ferromagnet is the spin of an electron,
with an intrinsic magnetic dipole moment of up = Qir’?e.
Spin ferromagnets are common among materials contain-
ing atoms with unpaired spins, like iron, nickel, cobalt,
and many rare-earth elements. Nearly all known fer-
romagnets are spin ferromagnets, deriving their macro-
scopic magnetization largely from the alignment of these
spins (ex. 2D ferromagnets like CrX3 (X = Cl, Br, I)).
Spin-orbit coupling can cause a small amount of the ma-
terial’s spin ferromagnetism to mix into the orbital degree
of freedom.

In contrast, the fundamental unit of magnetism in
an orbital ferromagnet is a spontaneous persistent cur-
rent loop within the material’s bulk, the dipole moment
of which is material dependent. Orbital magnetization
is exceedingly rare, where purely orbital ferromagnetic
states (with negligible spin ferromagnetism) have only
recently been discovered in moiré and crystalline 2D ma-
terial devices [8, 9, 59-61, 154]. The macroscopic ferro-
magnetic response of an orbital ferromagnet can be un-
derstood using Green’s theorem, where the internal circu-
lation of orbital current loops can cancel in the bulk, but
sums on the material’s boundary to form a robust, chiral
edge state - a topological edge state. A simple example
of an orbital magnetic state is a Chern insulator, which
will be the focus of this section. Even in moiré materials
with negligible spin-orbit coupling (ex. MATBG), mag-
netic Chern insulators can still be stabilized by strong
electron-electron interactions, which break T-symmetry
spontaneously to leverage the intrinsic Berry curvature
derived from the material’s band structure, as discussed
in Section V.

The first moiré ferromagnet was observed in MATBG
aligned to hBN (MATBG / hBN) [59, 61], where the
system’s atomic-scale stacking configurations were later
identified by STM imaging experiments (center panels;
Fig. 6a) [72]. In this moiré-commensurate structure, the
carbon-carbon “AA” regions of the MATBG moiré su-
perlattice are aligned to the carbon-boron regions of the
graphene-hBN moiré superlattice (labeled “AAb”). The
other two regions of the MATBG / hBN commensurate
superlattice are inequivalent, stemming from the inequiv-
alence of their corresponding graphene-hBN superlattice
regions. “ABa” (“BAa”) regions form where atoms in the
top (bottom) graphene sheet lie in register with atoms in
the substrate’s top hBN layer.

Orbital ferromagnetism was first established by mea-
surements of the anomalous Hall effect [59, 61], but later
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FIG. 6. Imaging Orbital Ferromagnetism and Moiré Ferroelectricity. a, Schematic diagram of the local stacking
configurations of MATBG commensurately aligned to hBN (center panel), as measured in STM imaging experiments. MATBG
aligned to hBN hosts an orbital magnetic Chern insulator near v = 43 that breaks time-reversal symmetry spontaneously,
as measured in scanning nano-SQUID measurements of the sample’s field gradient (left panel schematic) and inferred orbital
magnetization (right panel schematic). b, Scanning nano-SQUID measurements the magnetic-field gradient (left panel) and
integrated orbital magnetization (right panel) of the quantum anomalous Hall state in MATBG aligned to hBN. ¢, Schematic di-
agram of twisted bilayer hBN, a room-temperature ferroelectric. This system purposefully breaks inversion symmetry, admitting
two distinguishable, low-energy atomic stacking configurations that support a ferroelectric polarization pointing into-the-plane
(-z direction; left panel) or out-of-plane (+z direction; right panel). d, Kelvin probe force microscopy (KPFM) image of twisted
monolayer of hBN stacked atop a multilayer hBN flake. The local KPFM signal’s contrast (grey / black) distinguishes domains
of different out-of-plane polarization. Reprinted from [89, 94] with minor adaptations for style and formatting purposes.

visualized directly using scanning nano-SQUID sensors
[89]. Using a nanometer-scale SQUID device fabricated
at the tip of a quartz pipette tip, local magnetic fields can
be measured with unparalleled spatial resolution (=~ 50
nm). Raw magnetic-field-gradient measurements, ob-
tained by oscillating the nano-SQUID tip with a tuning
fork (left panel; Fig. 6b), reveal a rich orbital magnetic
domain structure in MATBG / hBN. By subtracting
images obtained within different branches of the Chern
magnet’s hysteresis loop to remove non-magnetic features
from the data and by integrating the resulting gradient
map, a map of the magnetization of the Chern state is
obtained near v = +3 (right panel; Fig. 6b).

As a function of magnetic field, nano-SQUID mea-
surements identify a direct correspondence between local
magnetic domain configurations and the different anoma-
lous Hall responses that they admit in transport measure-
ments of the same device. These experiments give crucial
insights into the distinctive switching mechanisms of or-
bital Chern states, as controlled by the sample’s magnetic

field environment. Similar nano-SQUID measurements
have elucidated domain switching mechanisms in moiré
heterobilayer TMDs, as controlled instead by currents
passing through the sample [155].

C. Imaging Moiré Ferroelectricity

Ferroelectric / polar materials result from broken in-
version symmetry, although not all inversion-broken ma-
terials are polar (ex. purely chirally stacked materials).
Natural 2D ferroelectrics are rare, and often limited to
those that admit purely in-plane polarization from in-
plane inversion symmetry-breaking [156]. Such in-plane
ferroelectric materials can be difficult to integrate into fu-
ture ferroelectric memory devices or ferroelectric tunnel
junctions.

Although natural out-of-plane 2D ferroelectrics have
been limited to crystals described by polar space groups,
van der Waals stacking engineering techniques have re-



cently enabled researchers to more generically combine
inversion-symmetric 2D materials in stacks that pur-
posely break the composite system’s inversion symmetry
[93, 94, 96, 157, 158]. This can be done with perfect an-
gle alignment, or with a slight angle misalignment that
creates moiré materials with ferroelectric domains with
opposite polarization directions derived from differences
in their atomic-scale stacking configurations. Fig. 6c¢
shows is a schematic of the local stacking configurations
of ferroelectric domains in twisted bilayer hBN. Naturally
exfoliated bilayer hBN exhibits an inversion-symmetric
AA’-stacking, where each B (N) atom in the top layer
lies in register with a N (B) atom in the bottom layer.
Twisted bilayer hBN exhibits two low-energy stacking
configurations, where AB- and BA-stacked domains ap-
pear with the same rotational orientation, but differ by
an intra-unit-cell atomic displacement (Fig. 6¢). Simi-
lar stacking approaches have been successful in produc-
ing new ferroelectric materials made from TMD layers as
well [159, 160].

Moiré ferroelectrics have been detected in global
transport experiments in devices that measure a prox-
imate monolayer graphene sensor, which can be per-
turbed by doped charges induced by the polarization of
twisted bilayer hBN [157]. Contemporaneously, electric-
field sensitive local probes like Kelvin probe force mi-
croscopy (KPFM; Fig. 6d) or electrostatic force mi-
croscopy (de-EFM) have been used to directly visualize
the electrostatic response of moiré ferroelectric phases
[93, 94]. Both techniques measure variations in a mate-
rial’s surface potential using a voltage-biased metallic tip,
either through a direct measurement of the electrostatic
force profile of the sample (dc-EFM) or via a PID-based
feedback method that measures the voltage necessary to
cancel the electrostatic force signal (KPFM).

KPFM measurements of twisted multilayer hBN
(Fig. 6d) provide direct evidence for a difference in elec-
tric polarization between the AB (grey shaded) and BA
(black shaded) domains of the moiré superlattice. In
addition, by scanning the tip across the sample with a
large bias voltage, the ferroelectric domain structure can
be manipulated on-demand by locally switching the po-
larization of a region of interest. Overall, these experi-
ments demonstrate room-temperature ferroelectricity in
stacking-engineered moiré ferroelectrics, which further
show robust electrical switching dynamics that are cru-
cial for next-generation non-volatile ferroelectric memory
devices.

VII. UNCONVENTIONAL
SUPERCONDUCTING PHASES

A. Low-Carrier-Density Superconductivity in
Moiré Graphene

Transport measurements have uncovered supercon-
ducting phases in many graphene-based moiré materi-
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als [5-7, 24-28, 161-163], which occur at anomalously
low-carrier densities at partial fillings of their flat bands.
Superconductivity was first observed in MATBG, with
a magic angle of 6,, ~ 1.1° [5], and subsequently con-
firmed in a series of alternating twisted n-layer graphene
homostructures, where even-numbered layers are twisted
to angle 0, = 2cos(7/(n + 1))0,, with respect to odd-
numbered layers [24-27, 40]. All of these platforms show
a sharp drop in resistance at their respective supercon-
ducting transition temperatures 7., roughly 2 - 3 K in
the best samples to-date, and show signatures of Fraun-
hofer oscillations far away from optimal doping, where
superconductivity is weakest. Moreover, superconduc-
tivity in MATBG has been further confirmed in exper-
iments on split-gate device geometries, yielding gate-
tunable Josephson junctions that exhibit both DC and
AC Josephson effects [164-166] and highly tunable su-
perconducting quantum interference devices (SQUIDs)
[167], confirming the phase-coherence of this supercon-
ducting phase.

Of particular interest to the community is the idea
that MATBG and MATTG appear to lie close to the
Bose-Einstein Condensate (BEC) regime in the standard
Uemura plot, which plots the ratio of a material’s esti-
mated Fermi temperature (Tr) to its measured critical
temperature (7). The empirical similarities of the ra-
tios of T./TF observed in twisted graphene multilayer
superconductors to those of known correlated supercon-
ductors is highly suggestive of an unconventional pair-
ing mechanism at play. However, conclusive evidence
from transport measurements for a mechanism beyond
the Bardeen-Cooper-Schrieffer (BCS) paradigm is ab-
sent, and is largely inaccessible due to the difficulty of
performing global transport experiments that are phase-
sensitive (i.e. sensitive to the phase ¢(r) or the complex
order parameter (1) = [1(r)| ¢ in the Ginzburg-
Landau theory of superconductivity).

In contrast, spectroscopic probes, including scanning
tunneling spectroscopy (STS) and point-contact spec-
troscopy (PCS), have access to the relevant physical ob-
servable for discerning the nature of superconductivity
in twisted graphene multilayer superconductors. In this
Section, we highlight recent STS and PCS measurements
on MATBG and MATTG, which now provide a prepon-
derance of evidence for unconventional, non-BCS super-
conductivity in these platforms [72, 83]. Moreover, spec-
troscopic probes have shown remarkable similarities be-
tween these two platforms, including agreement on cer-
tain qualitative features of their tunneling gap shapes,
their Andreev reflection spectra, and the shared pres-
ence of a phase-incoherent pseudogap regime that per-
sists above the critical temperature and critical magnetic
field of their superconducting states.
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FIG. 7. Spectroscopic Probes of Unconventional Superconductivity in Moiré Graphene. a, Differential conductance

dI/dV(Vs, V) measured at the center of an AA site in magic-angle twisted bilayer graphene (MATBG). A gap at v = —2
(correlated insulator) opens and closes at the Fermi level, reopening into a gap between v = —2 and v = —3 (superconductor).
b, dI/dV (V) spectrum obtained at Vg = —25.8 V in a, fit to a nodal gap hypothesis (ex. p-wave, d-wave, f-wave). c,

Differential conductance dI/dV(V;, V) measured as a function of magnetic field, showing the persistence of a spectroscopic
gap beyond the critical magnetic field (B.) of the superconducting phase in MATBG. This signature indicates a high-field
pseudogap regime in MATBG. d, Differential conductance dI/dV(Vs, V,) measured near an AAA site in magic-angle twisted
trilayer graphene (MATTG). e, dI/dV(V,) spectra obtained at V4, = —7.5 V (upper panel) The lower spectrum is fit to a nodal
gap hypothesis (ex. p-wave, d-wave, f-wave). f, Differential conductance dI/dV(Vs, V) measured as a function of temperature,
showing the persistence of a spectroscopic gap beyond the critical temperature (T.) of the superconducting phase in MATTG.
This signature indicates a high-temperature pseudogap regime in MATTG. Reprinted from [72, 83] with minor adaptations for
style and formatting purposes.

B. Debating the Nature of Superconductivity in
Moiré Graphene

We briefly review what was understood prior to
STS experiments about the nature of superconductivity
in twisted multilayer graphene. Although we focus on
such experiments performed on MATBG, the origins of
superconductivity in these two platforms is expected to
be related. The nature of superconductivity in MATBG
and MATTG was the subject of immense debate, ever
since their initial reports [5, 24, 25, 162]. On one hand,
several characteristics of superconductivity were highly
suggestive of an unconventional pairing mechanism. In
both materials, superconductivity appeared at anoma-
lously low carrier densities, which presented an apparent
mismatch of energy scales for BCS theory to be appli-

cable. Superconductivity also appears in a phase dia-
gram broadly similar to that of the high-temperature
cuprate superconductors, where an insulator appeared at
v = —2, flanked by superconducting domes when either
electron- or hole-doped [168-172]. Unconventional super-
conductivity appears proximate to a correlated insulator
not only in cuprates superconductors, but also in the
iron-pnictide superconductors [173-177], heavy fermion
superconductors [178-180], and organic superconductors
[181, 182].

On the other hand, further transport studies showed
that superconductivity in MATBG might be more con-
ventional than was initially suggested by measuring su-
perconductivity in MATBG when placed in close proxim-
ity to another two-dimensional material (often a metal).
Consensus among these authors found that superconduc-



tivity in MATBG was at least persistent [124, 125, 183],
if not more robust in the presence of screening [184].
The critical magnetic field, the critical temperature, the
critical current, and the density range over which super-
conductivity were all observed to systematically increase
by a few percent in the presence of electronic screen-
ing. Such data, however, has several plausible interpre-
tations. Electronic screening could suppress correlated
phases that compete with conventional superconducting
states, but it could also protect unconventional super-
conducting states from the influence of defect scattering
[185, 186].

In addition, early theoretical work had described
many possible superconducting pairing mechanisms
[187-196], some of which are purely conventional (ex.
singlet pairs mediated by acoustic phonons [197]) while
other proposals appeared singularly unconventional (ex.
topological superconductivity resulting from charged
isospin skyrmion pairing [198]).

Although transport experiments clarified the com-
petitive relationship between the correlated insulating
and superconducting orders in MATBG, their ability to
discern the nature of superconductivity itself is indirect
and often subject to interpretation. In contrast, con-
densed matter research has enjoyed decades of work that
leverages the energy resolution of spectroscopic probes in
identifying signatures of unconventional superconductiv-
ity, many that are irreconcilable with the conventional
BCS theory [199, 200]. Signatures of a superconduct-
ing state’s unconventional pairing symmetry or pairing
mechanism provide crucial constraints for constructing
successful theories of these exotic phases. Such informa-
tion was the subject of recent spectroscopic probes of
superconductivity in MATBG and MATTG.

C. Characterizing Superconductivity in MATBG
and MATTG

One key, shared observation in STS measurements
is a nodal tunneling spectrum in the superconducting
states of MATBG (Fig. 7b) and MATTG (Fig. Te;
lower panel) [72, 83]. In contrast to the s-wave tunneling
gaps observed in prototypical BCS superconductors (ex.
Al Zn, Sn), as characterized by sharp coherence peaks
at the gap edge that flank a zero-conductance “hard-
bottom” spectroscopic gap, tunneling gaps in MATBG
and MATTG (at some densities) appear to have broader
coherence peaks with linearly sloped gap edges that join
in a cusp-like, nodal minimum at zero-bias.

In addition, MATTG shows a transition in its spec-
troscopic properties, not seen in MATBG. In MATTG,
a U-shaped gap appears at densities closest to v = —2
(Fig. Te; upper panel), which transitions into a V-shaped
gap upon hole-doping the system [83]. This transition
is suggestive of either a transition in the pairing sym-
metry of the superconducting state, or in the coupling
regime (i.e. BEC-BCS) for superconductivity dictated
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by a single (nodal) pairing symmetry. Most importantly,
although gaps in both platforms vary from sample to
sample, none of the reported tunneling gaps resemble the
isotropic s-wave prediction of BCS theory.

In addition, the tunneling gaps of the supercon-
ducting states in MATBG and MATTG are generically
much larger than expected for T, ~ 2 — 3K. This fea-
ture is shared among correlated superconductors (ex.
cuprate and iron-based superconductors), quantified by
the “gap-to-T.” ratio (2A/kpT.). In BCS theory, the
size of the superconducting gap A(T = 0) = A is pro-
portional to T, with a universal proportionality constant
2A/kpT. ~ 3.528. In many conventional BCS super-
conductors (ex. Al), this universal ratio is reflected ex-
perimentally to a remarkable degree. In superconductors
with strong electron-phonon coupling, Eliashberg theory
predicts higher estimates of this ratio (ex. 5 - 6 for some
alloys of Pb and Bi). In contrast, gap-to-T. ratios for
MATBG and MATTG appear as large as 15 - 25, which
underscores the need to be cautious when interpreting
these spectra.

Although gaps in MATBG and MATTG often show
good agreement with a simple, nodal gap function, the
large gap size could suggest these tunneling gaps to be
instead attributed to a pseudogap state. Drawing from
precedent of STS studies of the cuprates [200], authors
of the study of MATBG performed nodal gap fits of the
low-bias region of spectra to show that the low-energy
density of states is best described by a nodal hypoth-
esis for every density throughout MATBG’s supercon-
ducting dome. Following this work came thermal con-
ductance measurements of the superconducting state of
MATBG, supporting this interpretation by demonstrat-
ing a temperature-dependence consistent with a nodal
superconducting gap [201].

D. High-Temperature and High-Field Pseudogap
Regimes

Finally, STS measurements of MATBG and MATTG
both uncover a precursor pseudogap regime, which per-
sists beyond the T, and H,. of superconductivity. Both
studies used point-contact spectroscopy to measure the
presence or absence of superconductivity locally, which
unequivocally distinguishes these states by the presence
or absence of an Andreev reflection spectrum [202]. Al-
though the Andreev spectrum vanishes near T, (= 1 - 2
K), a deep suppression of the density of states near Ep
persists to T > 5 K (> 6 K) in MATBG (MATTG) (Fig.
7f), indicative of a high-temperature pseudogap regime
from which superconductivity is derived at base temper-
ature.

Moreover, although the Andreev spectrum vanishes
near H. (=~ 100 mT), a deep suppression of the den-
sity of states near Ep persists to B > 6 T (> 4 T) in
MATBG (MATTG) (Fig. 7c), indicative of a high-field
pseudogap regime from which superconductivity is de-



rived at zero magnetic field. Overall, these pseudogap
regimes in MATBG and MATTG provide additional evi-
dence for unconventional superconducting states in these
material, for the BCS gap vanishes when superconduc-
tivity is quenched.

There is still much to be understood about the nature
of these unconventional superconducting states. Look-
ing forward, we anticipate that future STM studies will
perform quasiparticle interference experiments near shal-
low defects to further elucidate the pairing symmetry of
these states, and will perform scanning Josephson spec-
troscopy experiments to probe the coupling between su-
perconducting and isospin-symmetry-breaking order pa-
rameters.

VIII. OUTLOOK

The distinctive tunability of moiré materials has
enabled high-spatial-resolution studies of their complex
symmetry-broken phases. While local probe experiments
have mainly focused on a small subset of moiré materials,
transport and optical studies are rapidly uncovering new
correlated and topological phases in this developing class
of materials. Surprisingly, each new moiré material has
presented a unique facet of many-body physics, with new
electronic phases not seen in other moiré materials. This
trend is likely a reflection of the subtle interplay of many
relevant energy scales (ex. on-site Coulomb energy, spin-
orbit coupling) that affect correlated electronic states in
these materials. As described in this Review, the mi-
croscopic origins of these phases are best characterized
by physical observables accessible to local probes, a per-
spective that will shape our future understanding of these
exotic quantum phases.

Going forward, we believe that there are three re-
search focuses that are particularly important to the
near-term goals of this community. First, our commu-
nity will benefit from addressing several technical limita-
tions of existing local probes that impede our ability to
better understand moiré materials. This includes a fo-
cus on new techniques for preserving air-sensitive moiré
materials (ex. tMoTes ) in ways compatible with surface-
sensitive local probes (ex. STM, KPFM), and new meth-
ods for conducting local electromagnetic measurements
(ex. nano-SQUID, MIM) at millikelvin temperatures re-
quired for stabilizing fragile correlated phases.

Second, our community will benefit from further de-
veloping new local probe techniques introduced in the
moiré material era. Atomic-scale charge-sensing exper-
iments using the STM, as used to image generalized
Wigner crystal states in WSy / WSeq [105], have great
potential in future studies of moiré materials, and might
even be capable of quantitative measurements of related
physical observables (ex. electronic compressibility) at
the nanometer scale. A new nano-SQUID technique can
image thermodynamic quantum oscillations in 2D de-
vices to reconstruct local band structure features, which
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has the potential to provide sensitive measurements of
subtle moiré flat band features [203, 204]. The quan-
tum twisting microscope, a revolutionary new measure-
ment tool capable of local 2D wavefunction interference
experiments using van der Waals device-structured sen-
sors, has opened up new opportunities to manipulate
moiré materials on demand [205]. Further developing this
tool’s momentum-space imaging capabilities, and explor-
ing new applications of its novel sensor geometry will sup-
port an important new microscopic perspective on moiré
materials.

Finally, our community will benefit from continuing
to search for exotic quantum phases in moiré materials
unrealized elsewhere in Nature, leveraging the many ad-
vantages of local probe techniques. Nearly all electronic
phases observed in moiré materials to-date have been
studied to some degree in other material classes, albeit
now in new highly tunable platforms that enable new
investigative approaches. However, we emphasize the
importance of finding and understanding novel phases
without other material realizations, like the unique time-
reversal breaking superconducting state found in twisted
cuprate interfaces [206] and the non-equilibrium ferro-
magnetic and bosonic correlated insulating states found
in WSep / WSeq [207, 208]. Such efforts will support
the greatest impact of this budding research field. An
exciting prospect is the recent identification of fractional
Chern insulators (FCIs) stabilized at zero magnetic field.
FCIs have now been reported in tMoTeq [22, 23, 70, 71]
and in rhombohedral pentalayer graphene aligned to hBN
[153], and very recent theoretical studies have suggested
that such phases may be stabilized in other moiré mate-
rials [209-214].

Understanding a series of open questions about the
nature of FCI states will be a major research focus of
local probe experiments in the coming years. To what
extent do the recently observed Jain-type FCIs (i.e. C
= +2/3, £3/5 FCIs) parallel Jain states observed in the
fractional quantum Hall regime? What kinds of zero-
field fractional phases can we realize that are fundamen-
tally different from those realized at high magnetic fields
(ex. time-reversal symmetric fractional states, new non-
abelian states) [215-218]? How can we understand FCI
states “beyond the Standard Model”, which have no clear
fractional quantum Hall analogues (ex. C = —5/2 FCI
emanating from v = —1/5 in MATBG / hBN)? Key to
answering these questions will be the microscopic per-
spective of local probe techniques, which access distin-
guishable physical observables of these complex ground
states and can surpass the limitations of sample inho-
mogeneity to identify fragile FCI phases in the cleanest,
nanometer-scale domains of moiré material devices. Fur-
thermore, certain local probe techniques compatible with
top-gated device geometries, including scanning nano-
SQUID and atomic-scale charge-sensing using the STM,
are distinctly capable of accessing the complete phase di-
agrams of tMoTe; and rhombohedral graphene aligned
to hBN, which we expect to provide early microscopic



insights into these FCls.
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