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Emergent quantum phenomena in two-dimensional moiré superlattices, particularly twisted bilayer
MoTes (tMoTes), reveals a rich interplay between electronic correlations and band topology. Lever-
aging device fabrication, optical spectroscopy, local imaging techniques, and low-temperature elec-
trical transport measurements, we have experimentally demonstrated robust integer and fractional
quantum anomalous Hall (QAH) states without external magnetic fields. Fractionally quantized
Hall conductance plateaus at fillings such as v = —2/3 and —3/5, accompanied by vanishing longi-
tudinal resistance, provide definitive evidence for fractional Chern insulating (FCI) phases driven
purely by electron-electron interactions. Additionally, local visualization of fractional edge states
through microwave impedance microscopy has directly confirmed bulk-edge correspondence. Fur-
ther exploration into higher Chern bands and dissipationless transport has expanded understanding
of correlation-driven phenomena, uncovering potential pathways to non-Abelian fractional states
relevant for quantum computing. These results collectively establish twisted MoTes as an excep-
tional platform for exploring novel quantum states and highlight their potential for future topolog-

ical quantum technologies.
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GLOSSARY

ANYONIC STATISTICS: Quantum statistics describing particle-like excitations that differ from
fermions and bosons, characterized by nontrivial phase factors acquired upon particle ex-

change, prevalent in fractional quantum Hall states.

CHERN NUMBER: An integer topological invariant representing the integral of the Berry curva-

ture over the Brillouin zone, crucial for classifying quantum Hall and anomalous Hall states.

COMPOSITE FERMION: Quasiparticles formed from electrons bound to magnetic flux quanta,

fundamental in describing fractional quantum Hall states.

DISSIPATIONLESS TRANSPORT: Electronic transport without energy loss, characterized by quan-

tized Hall resistance and vanishing longitudinal resistance, hallmark of topological states.

EXCITON: A bound state of an electron-hole pair within semiconductors.

FRACTIONAL CHERN INSULATOR (FCI): A lattice-based analog of the fractional quantum Hall
effect occurring in flat bands without an external magnetic field, arising from strong electron-

electron interactions and topology.

FRACTIONAL QUANTUM ANOMALOUS HALL (FQAH) EFFECT: A phenomenon exhibiting fractional
quantization of Hall resistance at zero external magnetic field, arising spontaneously from

electron correlation and intrinsic band topology.

FRACTIONAL QUANTUM HALL (FQH) EFFECT: Quantum Hall states occurring at fractional Landau-
level fillings, characterized by fractionalized excitations and quantized Hall conductance due

to electron-electron correlations.



HARTREE-FOCK APPROXIMATION: An approximation method in quantum mechanics for solving

many-body problems, frequently utilized to model electron interactions in moiré superlattices.

INTEGER QUANTUM ANOMALOUS HALL (QAH) EFFECT: Quantized Hall conductance states oc-
curring at integer fillings without an external magnetic field, enabled by spontaneous magne-

tization and intrinsic topological band structures.

LANDAU LEVEL: Discrete energy levels formed by electrons confined in a two-dimensional system

subjected to a perpendicular magnetic field, separated by the cyclotron energy.

LAUGHLIN WAVEFUNCTION: A trial wavefunction proposed by Robert Laughlin that accurately

describes the fractional quantum Hall state at specific fractional fillings.

MOIRE PATTERN: Long-range interference patterns created when two periodic lattices are over-

laid at slight rotational or lattice mismatch angles, resulting in superlattice potentials.

QUANTUM CAPACITANCE: Capacitance contributions arising from changes in electronic states

at the Fermi level, providing insight into electronic correlations and density of states.

REFLECTIVE MAGNETIC CIRCULAR DICHROISM (RMCD): Optical spectroscopy method measur-

ing differences in reflectance of circularly polarized light to probe magnetic properties.

STREDA FORMULA: A relation connecting Hall conductance to electron density and magnetic

flux, used to determine topological invariants (Chern numbers) experimentally.

TOPOLOGICAL INSULATOR: Materials characterized by insulating bulk states and conducting

edge or surface states protected by time-reversal symmetry and band topology.

TWISTRONICS: A research area focused on tuning electronic properties of layered materials
through twist-angle-induced moiré superlattices, giving rise to novel correlated and topological

phases.

vi
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Chapter 1

INTRODUCTION

1.1 Pillars of Modern Condensed Matter Physics

Over the past several decades, condensed matter physics has evolved from a discipline focused
primarily on classifying crystalline solids into a vast and interconnected field that explores the
emergent properties of quantum matter. This evolution has been driven by several overarching
themes—conceptual “pillars”—that not only define the modern research landscape but also guide
the search for new materials and phenomena. Among these, a few of the most influential for current

frontiers are band topology, strong electronic correlations, magnetism, and superconductivity [1, 2.

Modern condensed matter physics

Topology Strong Spin & Super-
Correlation Magnetism conductivity

Figure 1.1: Pillars of modern condensed matter physics



Topology: Geometry in Quantum Bands

Topological phases of matter represent a profound shift in the way we classify materials. Unlike
conventional phases, which are distinguished by local order parameters and symmetry breaking,
topological phases are characterized by global, quantized invariants that remain unchanged under
continuous deformations of the system’s parameters [3, 4]. This invariance is akin to the genus of a
surface in mathematics: a coffee mug and a donut share a genus of one because each has a single hole,
and no smooth transformation can change this number without tearing the surface. In a crystalline
solid, the equivalent “holes” reside not in real space but in the momentum-space structure of the
electronic wave functions, encoded in the Berry curvature and related geometrical quantities of
the energy bands. These topological characteristics give rise to robust physical responses—such as

quantized Hall conductance—that are immune to weak disorder or local perturbations.

Strong Correlations and Emergence

While topology captures global constraints on the wave function, strong electron—electron interac-
tions add another layer of complexity. In many quantum materials, the Coulomb interaction energy
can rival or exceed the kinetic energy scale, forcing electrons to move in a highly correlated fashion.
When the number of interacting electrons approaches Avogadro’s number, the system’s collective
behavior can no longer be deduced from the properties of individual particles. This phenomenon,
known as emergence, produces rich many-body states such as Mott insulators, unconventional su-

perconductors, and fractional quantum Hall liquids [5, 6].

Magnetism and Its Quantum Origins

Magnetism is a particularly striking example of correlation-driven order. While ferromagnetism in
elemental metals like iron can be partially understood within a semiclassical framework, many mag-
netic phenomena—especially those arising in low-dimensional systems—require a fully quantum-
mechanical description [7]. In two-dimensional materials, the discovery of intrinsic magnetism [8, 9]
has reinvigorated this field, enabling studies of spin physics, magnetic anisotropy, and coupling to

topological band structures in a clean and highly tunable setting.



The most exciting frontier emerges when these pillars intersect. Quantum materials in which
strong correlations coexist with nontrivial band topology can host unconventional states such as
fractional Chern insulators (FCIs), correlated Chern ferromagnets, and interaction-driven topolog-
ical superconductors. Realizing such phases typically requires stringent material conditions: nearly
flat electronic bands to enhance correlations, topological band character to enable quantized re-
sponses, and broken time-reversal symmetry to produce chiral edge modes. Few natural materials
meet all these criteria simultaneously.

A breakthrough came with the development of moiré superlattices in two-dimensional (2D) van
der Waals heterostructures [10]. By stacking two atomically thin layers with a small relative twist,
one can engineer electronic minibands with controllable flatness, topology, and interaction strength.
In particular, twisted transition-metal dichalcogenides (TMDs) have emerged as an exceptionally
versatile platform, offering access to strongly correlated, topologically nontrivial, and magnetic
regimes within the same device. This tunability has opened the door to experimental realizations
of the fractional quantum anomalous Hall (FQAH) effect—a zero-field analog of the fractional
quantum Hall effect driven entirely by band topology and electron interactions [11, 12, 13, 14].

This thesis explores these intertwined domains in the context of twisted bilayer MoTes, a moiré
TMD system that unites flat-band physics, topological band structure, and interaction-driven mag-
netism in a single material platform. Leveraging state-of-the-art nanofabrication, optical spec-
troscopy, and cryogenic transport techniques, the work builds on recent advances demonstrating
integer and fractional quantum anomalous Hall states, real-space imaging of chiral edge channels,
and dissipationless transport in fractional Chern insulators. By investigating the mechanisms, sta-
bility, and tunability of these phases, this study aims to deepen our understanding of how the

foundational pillars of condensed matter physics converge to create new states of quantum matter.
1.2 The Integer Quantum Hall Effect

The discovery of the integer quantum Hall effect (IQHE) in 1980 by von Klitzing [15] marked a
paradigm shift in condensed matter physics, providing the first clear demonstration that topolog-
ical concepts—previously confined to abstract mathematics—could dictate measurable electronic
transport properties. In the IQHE, the Hall conductance is quantized in integer multiples of e2/h,

with the integer corresponding to a topological invariant known as the first Chern number. This



quantization is remarkably precise, insensitive to microscopic disorder, and has since become a
metrological standard for resistance.

The effect was first observed in a high-mobility two-dimensional electron gas (2DEG) at cryo-
genic temperatures under a strong perpendicular magnetic field. Classically, an electron in such a
field undergoes cyclotron motion with frequency w. = eB/m®*, where m* is the effective mass, and

a corresponding length scale known as the magnetic length,

lp = \/?B. (1.1)

Quantum mechanically, this motion leads to the formation of highly degenerate, perfectly flat energy

levels—the Landau levels—given by

1
FE, = hw,. <n + 2> , neE Zzo. (12)

Because each Landau level accommodates a fixed number of states proportional to the applied
magnetic flux, tuning the electron density relative to this degeneracy leads to a sequence of gapped,
incompressible ground states.

In a finite sample, the story changes near the boundaries. While electrons in the bulk execute
closed cyclotron orbits, electrons near the edge cannot complete these loops and instead follow
skipping orbits—semiclassical trajectories that drift unidirectionally along the sample edge. This
physical picture underpins the concept of bulk—boundary correspondence: the gapped bulk is topo-
logically nontrivial, and the gapless edge modes are a direct consequence of that topology [16].
These chiral edge channels are immune to backscattering in the absence of processes that connect
opposite edges, leading to dissipationless transport.

Experimentally, the IQHE manifests as a vanishing longitudinal conductance o,, — 0 and
quantized Hall conductance

Opy =V—, VELIL, (1.3)
where v is the filling factor. At first glance, the conductance tensor

. 0 ve?/h
o= (1.4)
—ve?/h 0
describes a perfect bulk insulator. However, converting to resistivity via p = 67! yields Ry, =

0, characteristic of a perfect conductor. The resolution lies in the fact that the bulk is indeed



incompressible and insulating, but all current is carried by the edge in perfectly conducting chiral
channels.

The link to topology was formalized by Thouless, Kohmoto, Nightingale, and den Nijs (TKNN)
[17], who showed that the Hall conductance is proportional to an integer-valued invariant—the first

Chern number—of the filled electronic bands:
e? 1
oy =C0y C= oo /BZQ(k) d?k, (1.5)
where Q(k) is the Berry curvature in momentum space and the integral runs over the Brillouin zone
(BZ). Crucially, C' depends only on the global topology of the Bloch wave functions and not on
microscopic details. This explains why the quantization is so robust: small perturbations cannot

change C' unless the bulk gap closes.

1.3 Haldane and Kane-Mele model

The TKNN formalism makes no explicit reference to magnetic fields or Landau levels, suggesting
that topology-driven Hall conductance might be realizable without an external B-field. Motivated
by this, Haldane proposed a seminal lattice model [18] on a honeycomb lattice of spinless fermions,
incorporating real nearest-neighbor hopping ¢ and complex next-nearest-neighbor hopping toe®?.
This pattern of hoppings breaks time-reversal symmetry (via the phase ¢) and sublattice symmetry,
generating a topological band gap characterized by a nonzero Chern number. When the parameters
are tuned such that the gap closes and reopens at one Dirac point, chiral edge states emerge, realizing
a Chern insulator—a quantum anomalous Hall state without Landau levels.

Implementing the Haldane model in real materials proved challenging. The first experimental
observation of the quantum anomalous Hall effect (QAHE) came from magnetically doping thin
films of the 3D topological insulator (Bi,Sb)sTes with transition metals such as Cr or V [19].
The magnetic dopants break time-reversal symmetry, while the topological surface states provide
the necessary band structure. At sufficiently low temperatures, this leads to a quantized Hall
conductance with R,, — 0 in the absence of an applied magnetic field.

A natural question following the quantum anomalous Hall paradigm is what becomes of the edge
physics when time-reversal symmetry is preserved. In such systems, the gapless boundary modes

occur in helical pairs: one spin orientation propagates in a given direction, while the opposite spin



counter-propagates along the same edge. Because these modes are related by time-reversal sym-
metry, elastic backscattering between them is forbidden in the absence of magnetic perturbations,
leading to robust, dissipationless transport channels.

Kane and Mele [3] demonstrated that adding intrinsic spin—orbit coupling to a spinful honeycomb
lattice transforms each spin sector into a Haldane model with opposite Chern numbers. This
construction yields a time-reversal-symmetric topological insulator whose boundary supports helical
edge states protected by Kramers degeneracy. Unlike Chern insulators, which are classified by an
integer Chern number, these phases are described by a Zs topological invariant that distinguishes
them from trivial band insulators. The experimental realization of this physics in HgTe/CdTe
quantum wells [20] confirmed the existence of the quantum spin Hall effect and established it as a

distinct and experimentally accessible class of topological matter.

In summary, the IQHE provided the first bridge between topology and transport, the Haldane
model revealed that this connection is not limited to magnetic fields, and the Kane-Mele model
has extended the paradigm to time-reversal-symmetric topological phases. These insights underpin

much of the modern understanding of topological quantum matter.
1.4 The Fractional Quantum Hall Effect

Returning to the setting of a high-mobility two-dimensional electron gas (2DEG) in a strong perpen-
dicular magnetic field, we now consider the regime where electron—electron interactions dominate
the physics. In the noninteracting picture, the integer quantum Hall effect (IQHE) arises when
Landau levels are filled by an integer number of electrons per flux quantum. However, in 1982
Tsui, Stormer, and Gossard [21] discovered a qualitatively new phenomenon: at certain fractional
Landau-level fillings, the Hall resistance R, remained perfectly quantized, while the longitudinal

resistance R, vanished. The quantization took the form

(fractional), (1.6)

>
Q3

where v is the Landau level filling factor. This was the first experimental evidence of a correlated
many-body quantum state with no counterpart in the single-particle theory.

Shortly after this discovery, Laughlin [6] proposed a variational many-body wavefunction that



captures the essential correlations at filling v = 1/(2m + 1):

2
U (21, .., 28) = H(Zz — z;)*™ L exp (— Z ‘:;2‘ ) , (1.7)
k B

i<j

where z; = x; + iy; are complex coordinates in the 2D plane, m is a nonnegative integer, and £p is
the magnetic length. This Jastrow factor enforces strong correlations by forcing electrons to avoid
each other, thereby minimizing Coulomb repulsion. From a gauge-invariance argument, Laughlin
further showed that quasiparticle excitations above this ground state carry an exactly fractional
electric charge e* = e/(2m + 1).

While Laughlin’s construction elegantly explains the v = 1/(2m + 1) states, a more general
framework was introduced by Jain [22] to capture the rich hierarchy of observed filling fractions.
The central idea is that an electron in a magnetic field can bind to an even number 2m of fictitious
flux quanta to form a new quasiparticle—the composite fermion (CF). This flux attachment modifies

the effective magnetic field seen by the CFs:
B* = B — 2mnedy, (1.8)

where ne is the electron density and ¢9 = h/e is the flux quantum. Remarkably, the strongly
interacting electrons in B can then be reinterpreted as weakly interacting CFs in B*. Whenever
the CF's fill an integer number p of their own Landau levels, the system realizes a fractional quantum

Hall (FQH) state at electron filling

_ p
V= ———.
2mp+1

(1.9)
This sequence of fractions—v = 1/3,2/5,3/7,... for m = 1—is known as the Jain sequence and
matches a large set of experimentally observed plateaus.

A defining feature of the FQH state is that its quasiparticles are neither bosons nor fermions, but
anyons. Exchanging two Abelian anyons multiplies the many-body wavefunction by a phase factor
e with 6 not equal to 0 or 7 [23, 24, 25]. In the Laughlin v = 1/(2m + 1) state, § = w/(2m + 1),
reflecting the braiding statistics of these excitations in two dimensions. Experimental detection of
this fractional statistics has been pursued via interferometric measurements, in which the interfer-

ence phase is sensitive to both the Aharonov—Bohm contribution and the anyonic statistical angle

26, 27].



Just as the IQHE has a zero-field cousin in the integer quantum anomalous Hall effect (QAHE),
one can ask whether fractional quantum Hall states can exist without an external magnetic field.
Theoretically, this is possible if a partially filled, topologically nontrivial band is sufficiently flat and
hosts strong electron—electron interactions. In such a setting, the kinetic energy is quenched much
like in a Landau level, allowing interactions to stabilize fractional Chern insulator (FCI) phases
[28, 29, 30, 31, 32]. The key requirement is to engineer a nearly flat band with nonzero Chern
number, so that the Berry curvature mimics the role of a magnetic field.

The concept of FClIs, firmly established around 2011 by several theoretical groups, has since
motivated an extensive search for suitable material platforms, from optical lattices to moiré super-
lattices. In such systems, strong electronic correlations at fractional fillings of a topologically non-
trivial Chern band can give rise to topologically ordered phases—lattice analogues of the fractional
quantum Hall effect (FQHE) that emerge without Landau level quantization. In their transport
manifestation, these phases realize the fractional quantum anomalous Hall (FQAH) effect. The
experimental realization and detailed characterization of FCIs and FQAH states—particularly in

moiré transition-metal dichalcogenide bilayers—constitute the central focus of this thesis.

1.5 Two-Dimensional van der Waals Materials

Atomically thin, two-dimensional (2D) materials—most famously graphene and the family of transi-
tion metal dichalcogenides (TMDs)—offer an exceptional platform for realizing and probing strongly
correlated topological phases of matter. These materials consist of covalently bonded atomic planes
stacked together via weak van der Waals (vdW) forces, enabling their mechanical exfoliation from
bulk crystals down to the monolayer limit [33, 34]. The absence of dangling bonds at the sur-
faces allows disparate 2D crystals to be stacked with atomically sharp interfaces, forming vd W
heterostructures with designer properties [35].

Several intrinsic advantages make 2D vdW materials particularly well-suited for the study of

strongly correlated topological matter:

(1) Unprecedented Tunability

One of the defining strengths of 2D materials is their extraordinary degree of in situ tunability. In

a typical device geometry, a metallic gate electrode separated by a dielectric layer allows the carrier



density in the 2D channel to be tuned continuously by electrostatic gating—effectively shifting the
Fermi level over a broad range without the need for chemical substitution. This is in stark contrast
to bulk three-dimensional crystals, where modifying the carrier density generally requires chemical
doping, often necessitating the synthesis of entirely new crystals for each doping level.

Moreover, employing a dual-gate configuration—top and bottom gates separated by insulating
layers—enables independent control of both the carrier density and the perpendicular displacement
field D. This field can modify the band structure and adjust the bandwidth. Such control is par-
ticularly crucial in correlated systems, where the competition between kinetic energy and Coulomb
repulsion can be tuned to access distinct quantum phases.

A further transformative capability arises from the ability to assemble heterostructures with
precise rotational alignment or intentional twist angles between layers. A small twist or slight
lattice mismatch produces a long-wavelength interference pattern known as a moiré superlattice
[10, 36]. This emergent periodicity dramatically alters the electronic structure—quenching the
kinetic energy, generating flat minibands, and introducing nontrivial topology—thereby enabling

correlated and topological phases absent in the constituent layers.

(2) Exceptional Cleanliness and Interface Quality

Reducing a material to a single or few atomic layers can substantially suppress bulk defect scattering
simply by virtue of removing the volume in which such defects reside. More importantly, 2D
materials can be encapsulated between pristine layers of hexagonal boron nitride (hBN), a wide-
bandgap insulator with atomically flat surfaces and low charge trap density [37]. This encapsulation
both shields the active layer from environmental contamination and screens charge disorder from

the substrate, enabling ultra-clean electronic transport.

In the cleanest devices—such as hBN-encapsulated monolayer graphene—quantum mobilities
can exceed 107 cm?/Vs at low temperatures [38], surpassing even those of the highest-quality
GaAs/AlGaAs semiconductor heterostructures. Defect densities can be as low as a few 107 cm™2,
enabling the appearance of quantum Hall plateaus at magnetic fields below 5 mT and supporting

quasiparticle mean free paths on the order of 10 ym. This extreme reduction in disorder is essential

for stabilizing fragile correlated phases, including the fractional quantum Hall effect, superconduc-
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tivity in moiré flat bands, and Chern insulating states.

(8) Scalability and Device Integration

The deterministic assembly of vdW heterostructures offers unparalleled flexibility in device design.
Layers of different materials can be stacked, patterned, and contacted with conventional lithographic
techniques, allowing integration with standard electronic circuitry. The ability to precisely define
edge terminations, construct multiterminal geometries, and interface with optical or microwave
probes greatly expands the experimental toolkit for studying quantum phenomena.

Looking ahead, advances in large-area growth techniques, such as chemical vapor deposition
(CVD) and molecular beam epitaxy (MBE), are steadily improving the scalability of high-quality
2D materials. As synthesis methods mature, it is plausible that vdW heterostructures could become
the building blocks of next-generation electronics and quantum technologies [39, 40]—combining

the tunability and cleanliness of exfoliated flakes with wafer-scale fabrication compatibility.

1.6 Moiré Flat Bands in Graphene and Transition Metal Dichalcogenides

The realization of moiré flat bands in van der Waals heterostructures has opened a new frontier
for engineering correlated and topological quantum phases. The most widely publicized example is
magic-angle twisted bilayer graphene (MATBG), in which the interlayer hybridization between two
slightly rotated graphene sheets produces extremely flat bands at specific “magic” twist angles near
0 ~ 1.1° [41]. In a flat band, the kinetic energy is strongly quenched, and the Coulomb interaction
energy dominates, leading to a fertile ground for correlated electron physics.

Transport experiments in MATBG [42, 10] revealed correlated insulating states at integer moiré
fillings—including half filling—where a simple band picture would predict metallic behavior. Upon
doping away from certain insulating states, the system exhibited superconductivity, highlighting
the role of electronic correlations enabled by the flat moiré band. Furthermore, Berry curvature
calculations have shown that the flat bands in MATBG can carry nontrivial topology [43, 44],
although the combined twofold rotation and time-reversal symmetry (C2T") enforces a net Chern
number of zero unless broken by effects such as ferromagnetism or alignment with hexagonal boron
nitride (hBN). Under such symmetry breaking, quantized anomalous Hall states have been observed

[45, 46].
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While MATBG served as the initial platform for moiré flat-band physics, the concept of engi-
neering strongly correlated bands is far more general and extends naturally to other two-dimensional
materials. In recent years, twisted homo- and heterobilayers of semiconducting transition metal
dichalcogenides (TMDs) have emerged as an exceptionally rich arena for exploring correlated and
topological phenomena [36, 47].

Semiconducting TMD monolayers (e.g., WSe2, WSa, MoTes) are well described at low energies
by a massive Dirac model, with conduction and valence bands separated by a direct gap of ~1-2 eV
at the =K points [48, 49]. Strong intrinsic spin—orbit coupling in TMDs—hundreds of meV in the
valence band—Ilocks spin and valley degrees of freedom: carriers at +K are spin-up, and those at
—K are spin-down [50]. This spin—valley locking effectively reduces the internal degrees of freedom
compared to graphene, simplifying the low-energy manifold and giving rise to valley-contrasting
optical selection rules that allow direct optical probing of individual valleys.

Due to the existence of multiple TMD species, either homobilayer and heterobilayer moiré
superlattices can be created by stacking them together. Homobilayers can be created by twisting two
layers of the same material, while heterobilayers combine two different TMDs—such as WSes/WSs
or MoTey/WSes—stacked at relative twist angles near 0° or 60°. The study of correlated excitonic
lattices in WSeq /WS, is the topic of the second chapter of this thesis. In heterobilayers, the moiré
periodicity is largely determined by the intrinsic lattice mismatch, making the system less sensitive
to twist-angle disorder.

One practical advantage of TMD moirés is that, unlike magic-angle twisted bilayer graphene,
the emergence of flat minibands does not require a finely tuned “magic” twist angle. The combi-
nation of large carrier effective masses and a deep moiré potential ensures that narrow bands form
over a wide range of twist angles [36]. This robustness significantly relaxes device fabrication toler-
ances, enabling systematic exploration of correlated phases without the stringent angular precision
demanded in graphene-based moirés.

The reduced kinetic energy in these flat bands enhances the role of electron—electron interactions,
driving the formation of correlated insulating states at commensurate band fillings. Transport
experiments have identified incompressible phases at both integer and fractional occupancies of
the moiré superlattice. Optical sensing techniques have provided a complementary, highly sensitive

probe: in one approach [51], a monolayer WSey “sensor” placed adjacent to the active moiré layer is
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monitored via its excitonic resonances. The local dielectric environment changes when a correlated
insulating state forms in the neighboring moiré layer, shifting the energy of the WSes exciton.
This method has revealed clear signatures of insulating states not only at integer fillings but also
at fractional fillings associated with generalized Wigner crystals and candidate fractional Chern
insulators.

Beyond correlation-driven insulating behavior, TMD moiré systems can also host topologically
nontrivial phases. A notable example is provided by near-60° MoTes/WSes heterobilayers, where
transport measurements have observed a quantum anomalous Hall (QAH) effect at » = —1 under
a large perpendicular displacement field [52]. In this case, the applied field drives a band inversion
in the valence moiré minibands, producing a Chern band with C' = +1. The resulting ground
state supports chiral edge channels and quantized Hall conductance in the absence of an external
magnetic field—demonstrating that moiré engineering can stabilize topological order purely from
band structure and interactions.

The combination of robust flat-band formation, tunable interaction strength, and access to
both correlation-driven and topological phases underscores the power of TMD moiré systems as a
platform for exploring exotic quantum matter. In the context of this thesis, these properties are
particularly significant for realizing and probing fractional Chern insulator states in twisted MoTey

bilayers.

1.7 Unresolved Questions and Research Directions

The past few years have seen remarkable experimental advances in the study of correlated and
topological phases in moiré materials, including the observation of fractional Chern insulators and
quantum anomalous Hall states in twisted transition metal dichalcogenide (TMD) bilayers [53,
12, 13, 14]. Yet, despite this progress, many fundamental questions remain unanswered—both at
the level of microscopic mechanisms and in the development of reliable methods for detection and

control.

(1) Excitation Gaps and Their Dependence on External Parameters

A central issue is the quantitative evolution of spin and charge excitation gaps as a function of

twist angle, magnetic field, and temperature. These gaps govern the robustness of correlated states
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to disorder and thermal fluctuations, and their scaling can reveal the underlying quasiparticle
structure. For example, determining whether the lowest-energy excitations in an FCI are spin-
polarized (spinless) or involve complex spin-valley textures remains an open challenge. Precise
mapping of these dependencies requires a combination of transport measurements, compressibility

probes, and local spectroscopic techniques.

(2) Role of Band Geometry and Quantum Metric

Beyond the Chern number, the fine details of band geometry—including the Berry curvature
distribution and the quantum metric—are predicted to strongly influence the stability of FCIs
[54, 55, 56, 57]. In lattice systems, unlike in Landau levels, the Berry curvature can be highly
nonuniform across the Brillouin zone, potentially weakening FCI gaps. The quantum metric, which
quantifies the “distance” between Bloch states in momentum space, has been proposed as a key
ingredient in optimizing interaction-driven topological order. Experimental access to these quanti-
ties, potentially through momentum-resolved optical probes or angle-resolved photoemission spec-

troscopy, remains limited and constitutes an important frontier.

(3) Probing Anyonic Statistics and Edge-Mode Structure

While transport quantization provides indirect evidence for topological order, a definitive demon-
stration of fractionalized statistics requires direct detection of anyonic braiding phases. In tradi-
tional GaAs-based fractional quantum Hall systems, this has been pursued using electronic inter-
ferometry [26]. In moiré systems, the challenge is to design interferometric or local scanning-probe
platforms capable of resolving the fractional exchange phase at the micron scale. Equally impor-
tant is characterizing the edge-mode structure of FCIs [58], which may differ from the continuum

fractional quantum Hall case due to lattice effects and valley degrees of freedom.

(4) Connection Between FCIs and Correlated Superconductivity

Another unresolved question is whether FCIs and correlated superconductivity in moiré materials
share a common origin in the underlying interaction physics. Both phenomena emerge from flat-

band electronic structures, yet one corresponds to an incompressible topological phase while the
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other is a compressible paired state. Understanding whether they compete, coexist, or arise from
proximate phases in the same phase diagram could shed light on the broader relationship between
strong correlations and topology.

Here, we attempt to address these questions at least partially, through a combination of device
fabrication, magneto-transport and optical spectroscopy, and close interplay with theoretical mod-
eling. Our goal is to clarify how topology and electron—electron interactions conspire to produce
novel quantum phases in moiré TMDs, and to establish pathways for their manipulation in future

quantum electronic and quantum information technologies.
1.8 Outline of dissertation

The overarching aim of this thesis is to explore how strong electron—electron interactions, when
combined with topologically nontrivial band structures, give rise to new quantum phases in moiré
transition metal dichalcogenide (TMD) heterostructures. The body of work presented here spans
multiple device platforms, experimental techniques, and conceptual themes, but is unified by a
focus on correlated and topological states in flat moiré minibands.

The chapters are organized to reflect both the scientific narrative and the chronological pro-
gression of the research. Chapter 2 differs somewhat from the rest in that it focuses on optical
spectroscopy of excitonic states in WSes/WSa, whereas Chapters 3—6 are centered on electronic
transport and scanning probe studies of twisted MoTes. Nevertheless, all chapters address the
broader question of how strong correlations manifest in moiré-engineered systems.

Chapter 2 reports on work published in [59], in which we sought to emulate Bose-Hubbard
model physics using interlayer excitons in WSes /WS, heterobilayer moiré superlattices. The long
lifetimes and large dipole-dipole interactions of these excitons, combined with the periodic moiré
potential, provide a promising platform for realizing strongly interacting bosonic lattice systems.
Using gate- and power- dependent photoluminescence spectroscopy, we probed exciton density de-
pendent energy shifts consistent with exciton—exciton interactions in a periodic potential landscape.

Chapter 3 describes the first observation of the fractional quantum anomalous Hall (FQAH)
effect in a solid-state system, achieved in twisted MoTes bilayers [13]. At fractional fillings of a
topologically nontrivial Chern band, we observed vanishing longitudinal resistance and quantized

Hall resistance at Ry, = #h/(Cve?) without an external magnetic field. This discovery provided
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direct evidence that moiré TMDs can host lattice analogues of the fractional quantum Hall ef-
fect—fractional Chern insulators (FCIs)—driven purely by interactions in a flat Chern band.

In Chapter 4, we move from bulk transport signatures to direct spatial imaging. Using microwave
impedance microscopy (MIM) at cryogenic temperatures, we visualized the chiral edge channels of
both integer and fractional QAH states in twisted MoTey [58]. This work constitutes the first real-
space imaging of fractional edge states in any material platform. The measurements revealed not
only the presence of narrow, well-defined fractional edge channels, but also provided insight into
their spatial confinement, robustness, and relation to bulk incompressibility.

Chapter 5 extends the exploration of twisted MoTes into higher-energy moiré minibands with
larger Chern numbers [60]. Motivated by analogies to higher Landau levels in the continuum, we
investigated whether these higher Chern bands could support exotic correlated states, potentially
distinct from those in the first Chern bands. The results shed light on how the interplay between
band topology, moiré potential, and twist angle shapes the stability of such phases.

The final chapter, Chapter 6, presents the realization of a dissipationless FCI in twisted MoTes,
reported in [61]. This work not only demonstrated vanishing R,, in the fractional regime over
a broad temperature range, but also provided the first systematic study of activation gaps in a
moiré FCI. By mapping the gap’s dependence on filling factor and magnetic field, we obtained
quantitative insight into the quasiparticle excitation spectrum and the roles of spinful and spinless

excitations in stabilizing the fractional phase.

Together, these chapters chart a progression from excitonic correlations in bosonic moiré sys-
tems, through the discovery of fractional topological order in twisted MoTes, to spatially resolved
studies of edge states and higher Chern bands, culminating in the demonstration of a dissipationless
fractional Chern insulator. The results highlight the versatility of moiré TMD heterostructures as a
laboratory for exploring the interplay of strong correlations, topology, and reduced dimensionality,
and lay the groundwork for future experiments aimed at probing anyonic statistics, non-Abelian

excitations, and topological quantum computation.



16

Chapter 2

EXCITONIC DIPOLAR INTERACTIONS IN MOIRE SUPERLATTICES

The moiré potential landscape formed in twisted heterostructures of transition metal dichalco-
genides (TMDs) introduces a spatially periodic modulation of the electronic band structure, effec-
tively creating an artificial lattice of quantum dots [62, 63, 64, 65, 51, 66, 67, 68, 69, 70, 71]. These
moiré superlattices have enabled the emergence of correlated charge textures and diverse magnetic
ground states across various filling regimes. When excitons—bound electron-hole pairs—are pho-
toexcited in such systems, they become trapped in these periodic potentials, forming what are

known as moiré excitons.

In heterobilayer configurations such as WSes/MoSes and WSes/WSs, the band alignment is of
type-11 character, spatially separating the electron and hole into opposite layers (Fig. 2.1a)[63, 72].
This layer separation imparts a permanent out-of-plane electric dipole moment to the resulting
interlayer excitons (IXs), leading to notable dipolar interactions between them. Prior studies on
MoSey/WSe; systems have demonstrated that such repulsive dipole-dipole interactions are signifi-
cant even at nanometer-scale separations, with an estimated interaction energy of roughly 2 meV

between IXs spaced by ~7 nm [73, 74].

Furthermore, exchange interactions tied to the valley degree of freedom have been proposed
to induce intriguing polarization textures—such as ring-like patterns—in the spatial diffusion of
IXs [75]. These interaction phenomena underscore the strong onsite interactions among excitons
in moiré lattices [76, 77], drawing a close analogy to the onsite Coulomb repulsion that underpins
Mott-like physics in correlated electron systems (Fig. 2.1b). Such strong bosonic interactions offer
fertile ground for exploring quantum phases of light-matter composites.

In this chapter, I discuss the observation of a giant on-site interaction energy—interpreted as a
Hubbard U for excitons—arising from dipole-dipole repulsion within a moiré-trapped IX lattice in
WSez/WSs heterostructures. Our experiments further reveal its complex interplay with generalized

Wigner crystallization and the emergence of interaction-driven local magnetic textures.
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Figure 2.1: Device Schematic. a, Dual-gated WSes/WSs heterobilayer structure illustrating inter-
layer exciton dipoles and their dipole—dipole and exchange interactions. b, Moiré exciton lattice,
highlighting double exciton occupancy.

To probe these phenomena, we employ spatially and spectrally resolved photoluminescence
(PL) measurements of IXs in dual-gated heterobilayer devices (Fig. 2.1a). The stacking order and
relative twist angle of each sample are precisely characterized using piezoresponse force microscopy
and second harmonic generation. All data presented here were acquired at a base temperature of
15 K, with continuous-wave optical excitation tuned to 1.685 eV—resonant with the WSes A-exciton
transition—unless stated otherwise. The out-of-plane electric displacement field is maintained at
Zero.

Our findings are based on multiple devices with both R-type (0° twist) and H-type (60° twist)
layer stackings, demonstrating high reproducibility across samples. Unless otherwise specified, the
results discussed herein are from a representative R-stacked heterobilayer device (denoted DR-1)

with a twist angle of approximately 0.8°, yielding a moiré periodicity of 8.0 nm.

2.1 Fabrication and Photoluminescence spectroscopy

In order to fabricate the devices, I began by pre-patterning a bottom gate consisting of a graphite
flake encapsulated in hexagonal boron nitride (hBN), contacted by lithographically defined platinum
electrodes. Monolayer flakes of WSo and WSes were isolated via mechanical exfoliation, and their
crystal orientations were verified using second harmonic generation (SHG) microscopy.

A deterministic dry-transfer technique utilizing a polycarbonate (PC) film mounted on a poly-

dimethylsiloxane (PDMS) stamp was used to sequentially pick up the exfoliated monolayers. The
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assembled heterostructure was then laminated onto the pre-fabricated bottom gate. To ensure clean
interfaces, the stack was subjected to contact-mode atomic force microscopy (AFM) cleaning using

a Bruker Dimension Icon system.[78]

Figure 2.2: Device images and twist angle determination. Piezoresponse force microscopy (PFM)
images of both R- and H-stacked samples. Scale bar: 20 nm.

The twist angle and resulting moiré periodicity were characterized through piezoresponse force
microscopy (PFM), as described in Ref. [66, 79]. Representative PFM maps across multiple devices
are shown in Fig. 2.2. Finally, a top gate composed of graphite encapsulated by hBN was aligned
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and transferred to complete the dual-gated structure.

All optical measurements were performed using a home-built confocal microscope mounted in
an exchange-gas cryostat (attoDRY 2100). Unless otherwise noted, the sample temperature was
stabilized at 15 K. For steady-state photoluminescence (PL), the device was excited under normal
incidence by a tunable continuous-wave Ti:sapphire laser (quuared SolsTiS), which was tuned to
the A-exciton resonance of WSes. Polarization control was implemented using linear polarizers,
half-wave plates, and quarter-wave plates to allow for circularly polarized excitation and detection.

To suppress laser background, a 750 nm long-pass filter was placed before the collection op-
tics. The PL signal was dispersed with a 600 grooves/mm diffraction grating in an Andor Solis
spectrometer and detected with a Si CCD. The laser power incident on the sample was precisely
controlled using a combination of a half-wave plate and polarizers.

RMCD measurements were performed using the same SolsTiS laser, fixed at a wavelength of
745.5 nm. The incident beam was modulated in intensity at 1 kHz using an optical chopper.
Circular polarization modulation at 50.1 kHz was achieved by sending the beam through a linear
polarizer oriented 45° relative to the fast axis of a photoelastic modulator (PEM) operating at
quarter-wave retardation.

The reflected signal was collected with an avalanche photodiode and demodulated using lock-in
amplifiers referenced to both modulation frequencies. The circular dichroism signal was extracted
by normalizing the polarization-dependent modulation amplitude to the total intensity modulation,

allowing for accurate removal of baseline reflectivity variations.
2.2 Density-Dependence of Dipole Ladder States

At low optical excitation power densities (P = 20 nW/um?), the photoluminescence (PL) spectra
of interlayer excitons (IXs) exhibit pronounced signatures of moiré miniband filling (Fig. 2.3).
Notably, the PL intensity is enhanced at fractional fillings of the moiré superlattice, reflecting the
presence of correlated electronic states previously reported in similar systems.[65, 80, 81, 82] These
features indicate excellent sample quality, allowing resolution of intricate charge-order effects.
Upon increasing P, in addition to clear emission features at integer band fillings, a distinct
PL peak (labeled IX2) emerges approximately 34 meV above the primary IX1 transition, most
prominently near charge neutrality (see the P = 2 yW/um? spectrum in Fig. 2.3). Across ten inde-
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Figure 2.3: Excitation-dependent photoluminescence. Interlayer exciton PL intensity versus doping
and emission energy at selected optical excitation powers P. Integer moiré band fillings are marked.
At higher P, additional PL peaks (IXy, X3, IXy) emerge above the ground state emission (IXj).

pendently fabricated devices, this energy splitting between IX2 and IX1, denoted A Fs1, consistently
falls within the 30-37 meV range (Fig. 2.4), highlighting the robustness of the phenomenon. As P
is further increased, IX2 becomes observable over a broader doping window. At P = 2 uW/um?,
for instance, IX2 mirrors IX1 across a full filling range |v| < 1, and correlated features such as
fractional band fillings remain evident in its PL signal. These observations suggest that the local
excitonic energy spectrum within a moiré unit cell is strongly modulated by exciton occupation

density.

To elucidate the physical origin of IX2, we conduct a power-dependent PL. measurement while
holding the filling factor fixed at v = 0. Figure 2.5a displays the spectra acquired under co-circular
excitation and detection. The integrated PL intensities of IX1 and IX2 are extracted and plotted
against P in Fig. 2.5b. The IX1 signal shows a pronounced saturation behavior with increasing
excitation power, consistent with a long-lived population. In contrast, IX2 appears only beyond

a finite excitation threshold (P, = 0.4 pW/um?) and increases approximately linearly with P
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Figure 2.4: Interlayer exciton spectra for differnt devices. PL spectra of interlayer excitons IX; and
IXs at charge neutrality for each device. The IX;—-IXs energy separation ranges consistently from
30-37 meV.

beyond this point.

Using an independent calibration of exciton density versus excitation power, we estimate that
the onset of IX2 corresponds to an exciton density near 10'2 cm™2. This value is on the order
of one exciton per moiré unit cell, reinforcing the interpretation that excitons populate the moiré

potential in a lattice-like manner akin to electrons in a crystalline potential.

2.3 Exciton Filling, Onsite Interactions, and Spin-Valley Dynamics

The power-dependent emergence of the IX2 emission peak provides direct evidence for strong onsite
repulsion between excitons confined in a moiré-trapped lattice. At low optical excitation power, the
interlayer excitons (IXs) are sparsely distributed, occupying isolated moiré sites. As the excitation
power increases, the overall exciton population grows approximately according to a power-law
scaling [83], gradually filling more lattice sites across the superlattice. In this dilute regime, IX1
emission shows only a weak and continuous blue shift, attributed to long-range dipolar repulsion
between excitons occupying neighboring cells—double occupancy remains energetically prohibited.

Once the exciton density reaches a critical threshold—corresponding to one exciton per moiré
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Figure 2.5: Spin-dependent IX photoluminescence. a, Polarization-resolved PL spectra at charge
neutrality under o™ excitation and detection while varying excitation intensity P. b, Integrated PL
intensity versus P, revealing a threshold-like onset for the IXy emission. ¢, o -excited polarization-
resolved PL spectrum at P = 5 uyW-um™2. Inset: schematic energy level diagram for two exciton
dipoles confined within the same moiré potential minimum, showing repulsive dipole—dipole and
exchange interactions. d, Energy level schematic for a two-dipole state confined in one moiré
site. Two indistinguishable decay pathways may emit photon pairs at energies Ex + U and Ex,
potentially resulting in polarization-entangled, unpolarized photons
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unit cell—states with two excitons localized within the same potential minimum begin to form (see
Fig. 2.1b). This regime reveals a new PL peak, IX2, offset in energy from IX1. We define the
single-exciton emission energy as Ex and the onsite dipole-dipole repulsion energy as the excitonic
Hubbard interaction U. A two-exciton state confined to the same moiré site therefore has a total
energy Fox = 2Ex + U (inset of Fig. 2.5¢). Radiative recombination from this doubly occupied
state proceeds via a cascade process, producing two photons: one at Ex + U (IX2) and another at
Ex (IX1).

Experimental measurements reveal that the interaction energy U lies in the range of 30-37 meV
near charge neutrality, depending on the local exciton density. This value is nearly an order of
magnitude larger than the long-range excitonic dipole repulsion previously observed in MoSe, /W Ses
systems [73, 74]. A theoretical estimate for a localized exciton wavefunction confined to a ~2 nm
radius [84, 85, 86| yields U ~ 34 meV, in good agreement with experiment.

We also observe a clear trend across devices with varying twist angles: the excitonic Hubbard
U systematically increases with increasing twist angle (Fig. 2.6a). A natural interpretation is that
larger twist angles reduce the moiré superlattice constant, effectively compressing the spatial extent
of each trap and bringing the excitons in closer proximity—thereby enhancing the strength of onsite
dipolar interactions (Fig. 2.6b).

In addition to this dipolar repulsion, excitons confined to the same moiré cell can also experience
a strong exchange interaction if they share the same spin-valley configuration [75]. This leads to
a splitting of the two-exciton manifold into singlet and triplet states, with the spin-anti-aligned
singlet always being energetically favored. Due to optical selection rules in monolayer TMDs [76],
the recombination cascade from this singlet state produces photon polarization patterns that encode
the spin-valley structure of the emitter.

Fig. 2.5c presents PL spectra acquired at P = 5 pW/um? under co- and cross-circular polar-
ization configurations. The IX1 emission exhibits strong co-circular polarization, consistent with
valley-polarized emission from singly occupied moiré traps [64, 65, 75, 81]. In contrast, the 1X2
peak is unpolarized, aligning with theoretical predictions for radiative decay from a spin-singlet
two-exciton state [76]. The energy level diagram in Fig. 2.5d outlines two degenerate decay path-
ways: one where the first photon (Ex +U) is emitted with o~ polarization followed by a ot photon

at Fx, and the reverse configuration where the helicities are swapped. These two channels are en-
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Figure 2.6: Twist angle dependent exciton Hubbard interaction. a, Extracted exciton Hubbard
U plotted versus twist angle (or equivalently, moiré wavelength). b, Illustration of two excitons
occupying a moiré trap. As the moiré wavelength decreases, increased spatial confinement enhances
dipole—dipole repulsion, leading to larger U.

ergetically indistinguishable and, assuming coherence is maintained during emission, may result in

a maximally entangled photon pair:

) = (o .07) + a0,

While our observation of unpolarized 1X2 emission is consistent with the formation of singlet
states and potential photon entanglement, further investigation is required to unambiguously es-
tablish quantum correlations. Realizing and controlling such a two-exciton moiré-based quantum
emitter could pave the way for integrated quantum photonics using 2D materials.

We note, however, that IX1 remains partially polarized even at high power, contrary to expec-
tations if all moiré traps were doubly occupied. This discrepancy arises from the spatial variation of
the excitation density due to the Gaussian profile of the laser beam, leading to a mixture of singly
and doubly occupied sites across the illuminated region. Additionally, the observed increase in
IX1 valley polarization with excitation power (Fig. 2.7a) suggests an as-yet-unexplored mechanism
potentially linked to population dynamics or exchange-enhanced valley filtering, motivating further

systematic studies.
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2.4 Higher Occupation States and Evidence for Moiré Orbital Multiplicity

At elevated excitation densities, additional photolumines-

' : T cence features emerge, indicative of multiexciton states
1X1 IX2 IX3 IXg
3500 - 5, 1 within a single moiré unit cell. As shown in Fig. 2.3 and
o+ '1‘ [ Fig. 2.7, at excitation powers exceeding 13 pW/um?
3000 ® O-  Ad f 50 pW/pm?|
7 \g,%' 2 o
N7 and 23 pW/pum?, two additional peaks—labeled IX3 and
T 00 & a IX4—become visible. The presence of four distinct emis-
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Figure 2.7: Emergence of high-energy multiexciton states proceeds via cascaded emission pro-

excitons under increasing excitation cesses, with expected photon energies:
power. Circular polarization-resolved
PL spectra under o excitation at se-

lected optical intensities P. Ex, Ex+U  Ex+2U, Ex+3U,

for the first through fourth exciton emissions, respectively

(see energy ladder diagram, Fig. 2.8a). This model predicts approximately uniform energy spacing

between adjacent peaks, each separated by U. However, at higher exciton numbers, phase-space

filling and Pauli exclusion effects are expected to slightly enhance U, thereby modifying the energy
spacings.

In agreement with this picture, we extract the energy difference AE35 ~ 36 meV, marginally

larger than AFE5; ~ 34 meV, suggesting a mild increase in U with exciton number. These results

support the assignment of IX3 as the next ladder rung in the same moiré orbital as IX1 and [X2. By
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Figure 2.8: Dipole Ladder. a, Energy level diagram for a single moiré site with multiple exciton oc-
cupancy. Solid and dashed lines represent energy levels with and without dipole-dipole interaction,
respectively; total energy for n excitons is labeled. b, Top: Schematic PL spectrum from a dipole
energy ladder with uniform spacing between IX; and IX3. Bottom: Integrated PL intensity versus
excitation power P, showing threshold behavior of IX3 and IXy4. IXy appears at lower energy with
co-circular polarization, originating from a fourth exciton in a nearby moiré orbital (see inset).

contrast, the energy spacing AFy3 ~ 33 meV is anomalously small and inconsistent with continued
population of the same orbital under the same U scaling.

Crucially, we observe strong co-circular polarization in IX3 and IX4 emissions (Fig. 2.7), in-
dicating the preservation of valley contrast. If all four excitons occupied the same orbital, strong
exchange interactions would favor spin-singlet states, leading to depolarized PL. The observed po-
larization of I1X4 therefore suggests that the fourth exciton is likely localized in a distinct excited
orbital of the moiré potential (see inset of Fig. 2.8b). Based on this assignment, we estimate the
energy offset between the lowest and first excited moiré orbitals to be approximately 100 meV. This
includes contributions from both electron and hole confinement potentials.

This interpretation is further supported by the regular spacing of the dipole ladder states
(IX1-IX3) and the polarization behavior of IX4, which together rule out alternative origins such

as defect-localized excitons [87], or emission from other high-symmetry k-points within the moiré
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mini-Brillouin zone [88]. Notably, large-scale density functional theory calculations [89, 90] predict

an inter-orbital energy separation of ~100 meV for WSes/WSs, consistent with our experimental

estimate.

To further investigate the presence of multiple moiré or-
bitals, we turn to magnetic response measurements of the cor-
related hole ground states. In a triangular moiré lattice with a
single orbital per site, half-filling (v = —1) typically stabilizes
a Mott insulator with antiferromagnetic exchange interactions
[62], while full-filling (v = —2) should lead to a band insulator
with spin singlet character and vanishing net moment.

However, if two moiré orbitals exist per unit cell, full-
filling may result in two holes occupying different orbitals
with unpaired spins, producing a net magnetic response. To
probe this, we performed reflective magnetic circular dichroism
(RMCD) measurements as a function of filling. As shown in
Fig. 2.9a, strong RMCD signals are observed near both v = —1
and v = —2. The electron-doped side shows no detectable sig-
nal and is thus omitted.

RMCD traces versus magnetic field for these fillings are
plotted in Fig. 2.9b. While the saturation fields differ, both
curves exhibit behavior consistent with paramagnetism, con-
firming the existence of localized spin moments at both half
and full fillings. These findings lend strong support to a two-
orbital moiré model (inset, Fig. 2.9b), and align with ab initio

predictions for WSeo /WSy heterostructures [89, 90].

2.5 Excitons in the Presence of Correlated Electronic
Order

The tunable interplay between optically injected interlayer ex-
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Figure 2.9: RMCD signatures of
local moments at integer fillings.
a, RMCD intensity map as a func-
tion of filling factor ¥ and magnetic
field poH, showing strong signals
near v = —1 and —2. b, Line cuts
of RMCD versus pgH.

citons and strongly correlated charge states in TMD moiré lattices presents a unique platform for
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exploring many-body quantum dynamics. In particular, excitons introduced into a pre-ordered
electronic background provide a rich testing ground for interaction-driven phenomena.

Figure 2.10 displays the PL intensity map as a function of carrier filling v and emission energy,
acquired under high excitation power (P = 50 yW/um?). At this elevated power, higher-energy IX
peaks (IX2-IX4) become prominent near integer-filled correlated insulating states. These enhanced
PL features arise from increased exciton lifetimes at these insulating fillings, which enable the
exciton density to reach the critical threshold for forming multiply occupied moiré traps—up to the

fourth rung of the excitonic dipole ladder.
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Figure 2.10: Dipole Interaction among correlated states. a, PL intensity as a function of excitation
power P at integer-filled correlated states. b, Circular polarization-resolved PL spectra under o™
excitation at P = 30 pW-um™2. Insets: Schematic depiction of carrier and exciton distribution in
a two-orbital moiré model (red: holes, blue: electrons).

Notably, the energy separation between IX1 and IX2 (AFEs;) remains relatively uniform across
all doping levels. However, the spacing between 1X2 and IX3 (AFE32) shows a distinct dependence

on v. For |v| <1, AE3s ~ AFEj>;, indicating that the third exciton continues to occupy the primary
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moiré orbital alongside IX1 and IX2, maintaining a ladder-like progression. In contrast, for v > 1,
AFE35 decreases by 10-15 meV, suggesting that the third exciton transitions into an excited moiré
orbital (see schematic in Fig. 2.10b inset). These results show that exciton orbital configurations
are highly sensitive to the underlying charge environment.

Finally, we examine how magnetic order in the charge background modifies excitonic opti-
cal selection rules using polarization-resolved PL. Figure 2.10b shows spectra collected under co-
and cross-circularly polarized configurations at P = 30 pyW/um? across several integer fillings.
On the electron-doped side (v = 1,2), the polarization behavior resembles that observed near
charge neutrality: 1X1 and IX3 exhibit co-circularly polarized emission, while IX2 remains unpo-
larized—consistent with prior assignments of singlet and triplet configurations[81].

The hole-doped regime, however, displays markedly different behavior. At v = —1 and —2,
where strong local magnetic moments have been observed (Fig. 2.9), both IX1 and IX2 exhibit
robust cross-circularly polarized PL. The reversal of IX1 polarization under hole doping has been
previously linked to chiral phonon-assisted spin-valley relaxation processes [81, 91] The appearance
of cross-circular polarization in IX2, however, is particularly striking. At these fillings, the doubly
occupied moiré site hosts a five-particle bound state—three holes and two electrons. In the cas-
cade recombination process, the polarization of the emitted IX2 photon is influenced by the spin
orientation of the majority hole population.

Because the measured 1X2 signal is an ensemble average across many moiré sites, the observed
polarization implies the presence of a net spin polarization among the hole background, selectively
induced by circularly polarized excitation. One plausible mechanism is an RKKY-type ferromag-
netic interaction, where itinerant excitons mediate spin alignment of localized holes [66, 92]. These
results suggest that moiré excitons not only interact with the charge degrees of freedom, but also

serve as probes and potential drivers of spin order in correlated quantum materials.
2.6 Conclusion

We have demonstrated the emergence of a remarkably strong onsite dipole-dipole repulsion between
interlayer excitons in WSey /WSy moiré heterostructures, signaling the realization of a bosonic
Hubbard regime in a solid-state material platform. This discovery establishes moiré exciton lattices

as a compelling alternative to conventional systems used for exploring the Bose-Hubbard model,
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such as ultracold atomic gases [93, 94, 95, 96] and double quantum well structures with engineered
traps [97, 98, 99]. In contrast to those platforms, moiré superlattices offer full electrical tunability,
atomically sharp interfaces, and access to novel quantum degrees of freedom, such as spin, valley,
and layer pseudospins.

The large exciton Hubbard interaction U, combined with the small lattice constant (~8 nm),
suggests that correlated bosonic phases may persist to elevated temperatures, opening the door
to strongly interacting regimes accessible under practical conditions. Furthermore, the presence
of valley-contrasting physics and nearly flat moiré minibands introduces opportunities for realiz-
ing topological exciton condensates, engineered entangled photon sources, and interaction-enabled
optoelectronic devices.

Perhaps most intriguingly, moiré heterostructures support a rich landscape of gate-tunable
charge and spin orders, enabling the controlled coexistence of bosonic and fermionic particles within
the same lattice—an ideal setting for studying correlated Bose—Fermi mixtures and emergent many-
body phases beyond conventional frameworks.

Looking ahead, several avenues emerge as promising directions. Although our results suggest the
formation of ordered exciton configurations at integer fillings, direct identification of their quantum
nature remains an open challenge. A key next step is to investigate possible exciton dipole crystal
phases at fractional moiré fillings, which are likely invisible to conventional PL spectroscopy. To
detect such subtle ordering, combined approaches involving optical probes and thermodynamic
measurements—such as local compressibility or quantum capacitance mapping—may be required
(63, 100].

Another important direction is to explore the time-domain response of these excitonic states. Ul-
trafast optical techniques and photon-correlation measurements could reveal their coherence times,
recombination cascades, and entanglement properties. In particular, quantum optical probes of
individual moiré emitters will be crucial for testing whether the two-exciton cascades serve as
entangled photon sources.

Finally, our observation of distinct moiré orbital levels within each unit cell points to an ex-
panded design space for future quantum materials. Understanding how these multiple orbitals
influence many-body interactions and phase formation will be essential for advancing the micro-

scopic control of correlated states in van der Waals moiré systems [36]. Our results thus lay the
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Figure 2.11: Spin—valley dependent interactions between interlayer excitons. a, Schematic of two
interlayer exciton wave packets localized within the same moiré unit cell. V' and V’ denote intra- and
interlayer Coulomb interactions, respectively. b, Computed wavefunction overlap § as a function
of wave packet width w, assuming Bohr radius ap = 2 nm. c, Spin and valley configuration of an
intervalley exciton pair. d, Interaction energy summary for singlet and triplet exciton pairs based
on their spin—valley states. e, Variational energies of singlet and triplet configurations calculated
for e = 5, ap = 2 nm, and wg = 2 nm. The minimum energy occurs for a singlet state with
w = 2.8 nm.

foundation for an excitonic platform in which interaction-driven bosonic, fermionic, and hybrid

quantum phases can be discovered, manipulated, and integrated into quantum technologies.

2.7 Supplementary Information:
Modeling Exciton—Exciton Dipolar and Exchange Interactions

To analyze the effective interaction between interlayer excitons localized in moiré potentials, we
model the system using variational wavefunctions that incorporate both center-of-mass (COM)
localization and electron—hole binding. Given that the electron and hole effective masses are
approximately equal in WSey/WSs, we adopt relative and COM coordinates: r = r, — r, and
R = (r. + rp)/2, respectively.

The single-exciton ground state wavefunction is written as:

VO (1) |0¢) [o1) = Pen(r) SSon (R) |0e) [on),
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where o, € {1,]} and o, € {1}, ||} label the electron and hole spin/valley states.
The relative-motion wavefunction is taken as the 2D hydrogenic form:

2

2map

e~lrl/as.

¢eh(r) =
with Bohr radius ap, while the COM motion is modeled by a Gaussian envelope:
0 Ry = L RE/2u))
quOM( ) ﬁwo )
reflecting localization within the moiré potential. Experiments [85] have found a root-mean-square
electron-hole separation of v/6/2ap ~ 2.6 nm, and COM widths ranging from wg ~ 1-2 nm
depending on the system and stacking configuration [86].
For a pair of excitons, labeled by (re1,rp1) and (re2,rpo), we approximate that the relative

wavefunction ¢ep(r) remains fixed, and treat the COM motion variationally:

1 — w
pcom(R) = Trw® R/ @),

where w is the variational parameter controlling the exciton size.
To construct the two-exciton states, we apply antisymmetrization to the orbital component to
ensure fermionic statistics. We analyze three representative spin/valley configurations:

1. Intravalley bright—bright pair: (o.,05,) = (0,,0}). The antisymmetric wavefunction is:

g (Bintra) _ Y(re1, Th1)Y(Teo, Tha) — Y(re1, Tha)Y(rea, Th1)
XX 2(1—9)

|0coe) |ohaH),

where § denotes the wavefunction overlap:

d= /d2re1 d*hpy dPrez d*rpg P (Yez, Tho) Y™ (Yer, Th1 )Y (Tet, Tho) Y (Tea, Tht ).

2. Bright—dark mixed valley pair: with identical hole spin but opposite electron spin. The

antisymmetric wavefunction is:

Y(re1, th1) Y (re2, Tha) — Y(re1, Tp2)Y(rez, Tht) (ohon) | J1T2) + | T1l2)
2(1 - 0) nen V2 '

3. Intervalley bright—bright or dark—dark pair: For bright—bright, e.g., (1,{) and (}, 1),

(BD
‘I’XX )=

and for dark—dark, e.g., (1, 1) and (},{). We define orthogonalized singlet and triplet combinations:

(B, inter) (D, inter) (B, inter) (D, inter)
lIl(S,inter) _ \I’XXm er + \I/XXm er W(T,inter) _ \lexln er) \I/XXm er

XX 21+0) = XX 2(1—0)

)
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where each U includes orbital symmetrization/antisymmetrization and spin/valley components (see
Fig. 2.11).
We now evaluate the variational energy of these exciton pairs. The total energy of a singlet or

triplet state is given by:

(1) o), Udd + Uex S) _ om(S) | Udd — Uex
Bxx =2B + = B = 2

where Eg/ %) is the variational single-exciton energy within the pair configuration, differing from

the isolated eigenenergy Ex if w # wp. The interaction terms are:

Uaa = /dX1dX2 ¥ (x1) 9" (x2) Vx ¥(x1)(x2),
Uex = /dX1dX2 W™ (1)1 (x2) Vax ¥ (x)2(xh),

with VXX containing all pairwise Coulomb interactions:

VX = V(re1 — rea) + V(rp — tha) — V/(ter — tho) — V' (rp — rea),

where V (r) = g (intralayer) and V'(r) = - \/;22? (interlayer), with dielectric constant € ~ 5 and

interlayer spacing d ~ 0.6 nm for hBN-encapsulated heterostructures.

Fig. 2.11 summarizes the spin-valley pairings and corresponding interaction energies. The three
triplet configurations yield nearly identical variational energies. In Fig. 2.11e, we show the computed
interaction energy AE = Exx — 2Ex versus the variational width w for parameters ag = 2 nm,
wg = 2 nm, and € = 5. The singlet state is energetically favored, with the minimum energy

occurring at w = 2.8 nm, yielding AF =~ 34 meV—closely matching experimental values.
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Chapter 3

FRACTIONAL QUANTUM ANOMALOUS HALL EFFECT
IN TWISTED BILAYER MOTE,

Topological phases of matter are distinguished by global invariants encoded in the electronic
band structure, leading to robust physical phenomena tied to the system’s topology. A paradigmatic
example is the integer quantum Hall (IQH) effect, where a two-dimensional electron gas under
a strong perpendicular magnetic field develops quantized Landau levels [15]. The resulting state
exhibits quantized Hall conductance governed by a topological invariant—the Chern number C—as
originally described by Thouless and collaborators [17]. This invariant determines the number of

chiral edge modes protected against backscattering by topological constraints.

When electron-electron interactions are sufficiently strong, the system can enter more exotic
correlated phases such as the fractional quantum Hall (FQH) effect. These fractionalized states
support quasiparticles with anyonic statistics [6, 21, 25, 101, 102, 103, 104, 26, 27], offering a route
toward topological quantum computation. However, both IQH and FQH states fundamentally

require explicit time-reversal symmetry breaking through an applied magnetic field.

In a seminal theoretical advance, Haldane proposed that quantum Hall-like physics could arise
in lattice systems without net magnetic flux [18]. This gave rise to the concept of the quantum
anomalous Hall (QAH) effect [105], where nontrivial band topology emerges in the absence of
external fields. The first experimental realization of the QAH effect was achieved in magnetically
doped thin films of topological insulators [19], and subsequent work has extended this to systems

with intrinsic magnetism [106] and moiré heterostructures [45, 46, 52, 11, 107].

Building on this foundation, theoretical studies predicted that fractional QAH (FQAH) states—
interaction-driven analogues of the FQH effect in topological bands—could also emerge in the pres-
ence of strong correlations and suitable band geometry [28, 29, 30, 31, 108, 109]. Yet, unambiguous
experimental evidence of such states remained elusive until recent breakthroughs in twisted bilayer

MoTey [11, 53, 12].
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Rhombohedral (R-type) stacked bilayer MoTey, when twisted at small angles, has proven to be
a rich platform for correlated topological phenomena. The system hosts ferromagnetic insulating
states at multiple integer and fractional moiré fillings, with the magnetism providing the neces-
sary spontaneous time-reversal symmetry breaking. These features enable the emergence of both
integer and fractional QAH phases. Using a trion-based magneto-optical probe [11], a magnetic
field—density phase diagram (“fan diagram”) was mapped, revealing three gapped states at v = —1,
—2/3, and —3/5. The trajectories of these states in the (ugH, v) plane follow slopes corresponding
to Chern numbers C' = —1, —2/3, and —3/5, respectively, as predicted by the Stfeda formula.

These findings have since been validated by independent exciton-based probes [12], strength-
ening the case that twisted MoTes is a robust material platform for realizing interaction-enabled
topological phases. However, the defining experimental hallmark of QAH and FQAH phases re-
mains the observation of quantized Hall resistance R, accompanied by a vanishing longitudinal
resistance R, at zero magnetic field. In this work, we present direct transport measurements
demonstrating this quantization, thereby establishing both the integer and fractional QAH effects

in this moiré system.
3.1 Continuum model for twisted TMD homobilayers

We now focus on the theoretical framework for understanding twisted homobilayer TMD systems,
with an emphasis on rhombohedrally stacked MoTes bilayers near small twist angles. These struc-
tures form long-wavelength moiré superlattices that host flat, topologically nontrivial bands. Similar
to twisted bilayer graphene (TBG), a continuum model provides an effective low-energy descrip-
tion [41], though key differences arise due to the massive Dirac dispersion and strong spin—orbit
coupling intrinsic to TMDs [47].

The starting point is the continuum Hamiltonian describing hole motion in the top and bottom
layers near the K valley. Unlike TBG’s linear dispersion, here the valence bands exhibit quadratic
(massive) dispersion. The interlayer potential, tunneling, and twist-induced momentum shifts are

incorporated as:

,W + Ay(r) T(r)
Hg(k,r) = , (3.1)
2 (k—Kjp)?2
T'(r) — o (1)
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Figure 3.1: Twisted MoTey lattice and skyrmion texture. a, R-stacked homobilayer MoTes has
two degenerate energy minima at MX and XM sites. Complex next-nearest-neighbor hopping
implements the Haldane model. b, Skyrmion lattice of layer pseudospins (top) and corresponding
real-space effective magnetic field (bottom). Figure adapted from Ref. [110]

where K, ; denote the layer-rotated Brillouin zone corners, m* is the effective mass, and Ay (r)
represent layer-dependent moiré potentials arising from local stacking. The tunneling matrix 7'(r)
captures interlayer hybridization, with its symmetry constrained form derived in analogy to twisted
graphene [41]. A convenient way to interpret Eq. 3.1 is by organizing the off-diagonal and on-site
potential terms into an effective pseudospin magnetic field acting on the layer degree of freedom.

The layer pseudospin structure is encoded in a real-space field:

A = (82,8,,8,) = (Refr! )], it )], SIS, (32

which defines a local pseudospin Zeeman field varying over the moiré unit cell. The in-plane
components A, , govern tunneling between layers, while A, controls layer localization. Importantly,
this texture A(r) forms a skyrmion lattice, characterized by a non-zero winding number across the
moiré cell, as shown schematically in Fig. 3.1b. This real-space topological texture generates a
spatially varying Berry curvature and acts as an emergent magnetic field for the layer pseudospin.

Symmetry considerations constrain the form of A(r). For instance, inversion-symmetric stacking
configurations such as MM enforce A, = 0, while C,T" symmetry forces wavefunction localization

on opposite layers at the XM and MX sites. As a result, the valence band maxima tend to localize
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at these symmetry points, forming a honeycomb lattice of orbital centers.

The presence of a skyrmion lattice in A(r) modifies next-nearest-neighbor hopping amplitudes
between orbital centers. For example, carriers hopping between two neighboring MX sites acquire a
phase factor exp(£27i/3) due to the underlying pseudospin winding [47], as illustrated in Fig. 3.1a.
This complex phase structure gives rise to an effective Kane—Mele model for each spin—valley fla-

vor—a time-reversed pair of Haldane models:

Heg ~ Ztc;rcj + Z t ew”c;fcj, (3.3)
(i,5) ((8,5))
with ¢;; = £27/3 depending on the hopping direction. This produces flat bands with quantized
Chern numbers C' = +1 per spin—valley sector. Notably, the bandwidth and hopping parameters
depend sensitively on the twist angle 6.
The emergence of Chern numbers in these moiré bands can be traced to the winding of heg(r),
the layer pseudospin field. When kinetic energy is negligible, i.e.,

h2|1€|2

m*

< |hegl, (3.4)

the Chern number is approximately given by the Brouwer degree of the pseudospin texture:

deg(heg) =

1 / heff . (8g;heﬂ' X 8yheﬂ‘) d:z:dy, (35)

4 [heg?
where the integration spans the moiré unit cell. This expression provides a microscopic origin
for the Chern number in the limit of strong moiré potential.
In dual-gated geometries, an out-of-plane electric field can be applied to control the layer polar-
ization of carriers. This field introduces an imbalance between the top and bottom layer potentials,

which appears as a pseudospin Zeeman term along the z-axis:

Hy (k, D) = ho(k) + heg(r) - & + Do, (3.6)

where D is linearly proportional to the electric displacement field. This term tunes the system
across different symmetry-breaking and topological regimes, enabling electric-field-driven transi-

tions between Chern insulators, trivial insulators, and metallic phases.
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3.2 Streda Formalism and Bulk-Edge Correspondence

The presence of nontrivial topology in a gapped electronic system is encoded not only in its edge
modes but also in its thermodynamic and transport response functions. One particularly powerful
tool for diagnosing such topological phases is the Stfeda formula, which links the quantized Hall
conductivity to the derivative of carrier density with respect to magnetic field. This connection
provides a fundamental bridge between the bulk response and the underlying Chern number.

We begin by considering a two-dimensional electron system in thermodynamic equilibrium,
subject to a perpendicular magnetic field B, and with a well-defined chemical potential p. In
the absence of low-energy excitations (i.e., within a bulk gap), particle transport is dominated
by topologically protected edge channels. Nonetheless, the bulk thermodynamic response retains
signatures of topology.

The Stieda relation expresses the Hall conductivity o4, in terms of the particle density n and

magnetic field B [111]:

me(2). o)

This identity emerges from multiple routes—Kubo linear response, semiclassical wave packet
dynamics, and equilibrium thermodynamics. We follow a thermodynamic argument, starting with

the continuity equation and the definition of current in the presence of a gapped Hall response:

j=0uy 2 xE. (3.8)

Taking the divergence and using Maxwell’s relation V x E = —0B/0t, the time derivative of

charge density satisfies:

on 0B
= V=0, 3.9
ot 1= Ty (8:9)
By equating the coefficients of time derivatives, we arrive at Eq. 3.7, which reveals that a finite
03y implies a linear evolution of carrier density with magnetic field, governed by the topological

invariant.
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In the presence of an energy gap, the quantized Hall conductivity is directly related to the Chern

number C of the occupied band:

Oy = C—. (3.10)

Substituting into Eq. 3.7, we obtain:

h [ On 1 [0n
o= (o8),~ % (55). @

where ¢o = h/e is the magnetic flux quantum. This version of the Stieda formula provides a
practical method to extract the topological index from experimental measurements, such as Landau
fan diagrams. In such measurements, the positions of gapped states shift linearly with magnetic

field, and their slope directly reflects the underlying Chern number.

In moiré systems with graphene and TMDs, the Stieda formula has been extensively employed
to characterize integer and fractional Chern insulator states [109, 108]. Recent experiments have
leveraged non-invasive optical probes—such as trion photoluminescence (PL)—to detect density
gaps via changes in dielectric screening [11, 12]. Since excitons are sensitive to the local electronic
compressibility, their PL response provides a proxy for the opening of many-body gaps, including
Wigner crystals and fractional quantum Hall phases. Thus, the slope of PL features in a (n, B)

map can reveal the underlying Chern index via Eq. 3.11.

While the fractional Stfeda dispersion data are highly suggestive, they do not in themselves
constitute the definitive hallmark of a fractional Chern insulator: a fractionally quantized Hall
conductance. Obtaining this “smoking gun” requires direct electrical transport measurements—a
task that has long been technically challenging in semiconducting TMDs due to contact resistance
and disorder. As described in the following section, the development of a new device architecture
overcame these limitations, enabling high-fidelity transport studies in twisted MoTes. The result-
ing measurements revealed unambiguous quantization of the Hall resistance at fractional values,

providing conclusive evidence that moiré MoTey hosts a fractional quantum anomalous Hall effect.
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Figure 3.2: Contact engineering and device structure. a, Schematic of dual-gated device with top,
bottom, and contact gates. b, Illustration of the Pt-TMD contact interface. Holes flow from Pt to
the metallized TMD and into the intrinsic TMD Hall bar. ¢, Energy diagram of the three regions.
Strain in the metallized TMD (due to ~8 nm contact step height) induces defect-like bands and a
Schottky barrier, which is suppressed by heavy hole doping via V.

3.3 Device Fabrication and Electrical Measurements

A central challenge in twisted 2D semiconductor devices has been minimizing contact resistance at
zero perpendicular electric field [112, 113]. For the first time, we addressed this by incorporating
additional local gates to heavily hole-dope the contact regions (carrier density ~ 10 cm™2),
enabling low-resistance injection (Fig. 3.2).

The fabrication procedure is as follows. All constituent flakes—hBN, 2H-MoTe,, and graphite—were
exfoliated onto heavily doped Si substrates with a thermally grown SiOs layer. Candidate flakes
were identified under an optical microscope or using AFM and selected based on thickness and
cleanliness. The bottom gate stack was assembled using a standard dry polycarbonate (PC) trans-
fer technique. First, an hBN dielectric layer was picked up, followed by a thin graphite bottom gate,
and then transferred onto the substrate. Platinum electrodes (8 nm) were patterned via e-beam

lithography and deposited using e-beam evaporation to define the Hall bar.
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The bottom gate structure underwent contact-mode AFM cleaning before being transferred
to a nitrogen-filled glovebox (Oz, HoO < 0.1 ppm). Inside the glovebox, monolayer MoTey was
mechanically exfoliated and cut with an AFM tip to prepare two halves. A twisted bilayer was then
assembled by sequentially picking up one half of the flake, rotating the stage to the desired angle,
and collecting the other half using an hBN flake. The twisted bilayer stack was transferred onto
the bottom gate stack. Polymer residues were dissolved using molecular-sieve-cleaned chloroform
and dichloromethane within the glovebox.

Post-assembly, the device was AFM-cleaned again. Local contact gates (Pt, 8 nm) were pat-
terned to enhance injection efficiency. Additional lithography steps were used to deposit Cr/Au
(5/70 nm) for bonding pads. Following another round of AFM cleaning, a graphite/hBN top gate
was added and polymer residue was removed in ambient conditions using chloroform.

Following such procedure, we were able to minimize the contact resistance in transition metal
dichalcogenide (TMD) moiré heterostructures. As shown in Fig. 3.2c, a Schottky barriers are
formed at the interface between metallic contacts and the intrinsic semiconducting TMD channel.
These barriers introduce substantial contact resistance, which in turn increases noise in transport
measurements and restricts reliable access to low-carrier-density regimes. This limitation is partic-
ularly acute near charge neutrality, where most topological and strongly correlated phases emerge
in TMD homobilayer systems.

The local contact gate design enables us to tune the electrostatic doping of the TMD beneath
the contacts. By applying a large negative voltage to the contact gates (see Fig. 3.2b), the region
between the metallized electrode and the intrinsic MoTey channel can be selectively hole-doped.
This local doping suppresses the Schottky barrier and facilitates the formation of low-resistance,
nearly ohmic contacts that remain effective down to dilution refrigerator temperatures (7" ~ 10 mK).

To evaluate the performance of the contacts, we measured the two-terminal resistance between
adjacent electrodes while keeping all other contacts floating, and have reached contact resistance
of approximately 10 k€2 per contact. Although this configuration does not yield the precise contact
resistance, it provides an upper bound—approximately twice the actual contact resistance. We
found that the two-terminal resistance increases at low hole doping levels, which we attribute to
defect-induced scattering in the crystal.

Experiments were carried out in a Bluefors dilution refrigerator equipped with a 9 T supercon-
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Figure 3.3: Transport Phase Diagram of D(3.7°) a, Longitudinal resistance R, and b, Hall resis-
tance Ry, at 100 mK as functions of displacement field D/eq and filling factor v, symmetrized and
antisymmetrized with respect to |uoH| = 200 mT .

ducting magnet. The base phonon temperature was approximately 20 mK, while the electronic
temperature was estimated to be 80 mK using calibration from graphene devices of comparable
geometry.

A Stanford SR830 lock-in amplifier was used to generate and detect all AC signals. Measure-
ments were performed under constant current bias (~0.2-0.5 nA), applied via a 100 M series
resistor. The actual current was monitored using a DL1211 current preamplifier. This approach
led to improved magnetic state stability compared to constant voltage configurations.

Four-terminal resistances R;, and R, were measured using SR560 preamplifiers (input resis-
tance ~100 MQ), significantly larger than the typical contact resistance. For two-terminal mea-
surements, an AC voltage of 200-500 ©V was applied, and the current was monitored through the
drain.

For thermal activation measurements above 4 K, a resistive heater located near the sample was
incrementally powered. The local temperature was monitored using a Cernox sensor positioned

close to the device. Control experiments using a carbon film sensor mounted on the chip carrier
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confirmed that the sample stage temperature differed by no more than 50 mK from the sensor

reading.

3.4 Phase Diagram of twisted MoTe,

Figures 3.3a and 3.3b display maps of longitudinal resistance R, and Hall resistance R, from
device D(3.7°), measured at 7' = 100 mK as functions of carrier density n and displacement field
D/ep. To reduce hysteresis from gate sweeps, a small out-of-plane magnetic field poH = £200 mT
is applied, with R;; and R;, symmetrized and antisymmetrized accordingly. Regions of high
resistance (R > 1 M) are marked in black. Several gate-tunable correlated states emerge, notably
around v = —1, —2/3, and —1/2 near D/eg = 0, where suppressed R, and enhanced |R,,| signal

the presence of topological ground states.

The topological nature of these features be-

2-10 1 2 comes evident in the field dependence of R,
| mam |

R, (hle?)
‘ (Fig. 3.4). The Hall resistance evolves linearly

I with poH for each filling factor, with slopes that

2 match theoretical expectations from the Stieda

- formula for states with Chern numbers C' = —1,
3 ’ - —2/3, and —3/5. The state at v = —1 exhibits

a broad quantized R, plateau with slope cor-

responding to |C| = 1, characteristic of a quan-

) (2/3 g2 tum anomalous Hall (QAH) phase. Narrower

-1.1 -1 -0.9 -0.8 -0.7 -0.6 -0.5

Filling factor v peaks at v = —2/3 and —3/5 also disperse lin-

early with magnetic field, consistent with frac-
Figure 3.4: Landau fan of R, at 100 mK. Unsym-

metrized Hall resistance R, plotted as a function tional QAH (FQAH) states with |C] = 2/3 and
of filling factor. The black line marks a |C] =1
quantum anomalous Hall (QAH) state at v = —1,
while the blue lines trace fractional QAH states nverts the slope due to magnetization rever-
with |C| = 2/3 at v = —2/3 and |C| = 3/5 at
v=-3/5.

3/5, respectively. Reversing the sign of ugH

sal, confirming the Chern nature of these states.
These observations are in agreement with ear-

lier trion-based magnetic sensing studies [11].
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3.5 Integer Quantum Anomalous Hall Effect

05

R, (h/e?)

) nyom/ez) )
, R, (hle?)
i/

? ny:/e’) )
| ,
|

‘ R, (hie?)
N o -

2 2 -2
-50 0 50 -100 0 100 -100 -50 0 50 100
p,H (mT) H (mT) H (mT)

100 0 100 -100 0 100
,H (mT) HH (mT)

Figure 3.5: Quantum Anomalous Hall Effect at different twist angles Top: Optical images of
devices with twist angles ranging from 2.6° to 4.2°. Middle: Longitudinal resistance R, versus
out-of-plane magnetic field pgH measured at v = —1 and D/ep = 0, showing sharp domain wall
resistance peaks during magnetization reversal. Bottom: Corresponding Hall resistance R, traces
display clear hysteresis and near-quantized plateaus at 4h/e?.

Figure 3.6 explores the electric-field and temperature dependence of the quantum anomalous
Hall (QAH) effect at v = —1 in device D(3.9°). Panel 3.6¢ displays R, and R, as functions of out-
of-plane magnetic field pgH for several electric field values D/ey at T'= 100 mK. At D/eyg = 0, a
clear hysteresis loop is observed in Ry, quantized at +h/ e? (with measured value 0.999840.0136 x
h/e? at ugH = 0), and accompanied by a vanishing R,,. Sharp resistance peaks in R,,, occurring
when R, switches sign, mark the coercive field pioH. ~ 84 mT. These are definitive signatures of
a QAH state. The QAH phase is robust over a wide range of twist angles (2.6°-4.2°) (Fig. 3.5).

As D/gg increases, the QAH plateau weakens and eventually collapses beyond a critical electric
field D./eo. To quantify this, panel 3.6b shows antisymmetrized R, and symmetrized R, at fixed

|oH| = 200 mT as a function of D/eg. A sharp transition is seen near D,/ ~ 150 mV /nm, where
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Figure 3.6: Electric-field dependence of QAHE at v = —1 in D(3.9°). a, AR, vs magnetic field
and electric displacement field D/eg. The AR, signal diminishes near 150 mV /nm, indicating a
transition out of the QAH regime. b, |R,y| (blue) and R, (red) versus D/eg at 100 mK, extracted
at |[uoH| = 200 mT after antisymmetrization and symmetrization, respectively. ¢, Magnetic field
sweeps of Ry, and R,y at selected D/eq values.
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Figure 3.7: Thermal robustness of the QAH effect at v = —1. a, Hysteretic Hall resistance AR, as
a function of temperature and magnetic field. b, Magnetic field sweeps of R, and R, at selected
temperatures. The signal remains close to the quantized value h/e? up to 8 K, indicating strong
thermal stability of the QAH phase.

R, drops and R, rises steeply, signaling a transition to a topologically trivial insulating phase.
Similar behavior is confirmed in D(3.52°), including persistent ferromagnetism in the trivial phase
from RMCD measurements, and is further supported by Hartree-Fock calculations and theoretical

studies [54, 114].

Panel 3.7a plots the hysteresis amplitude AR, as a function of temperature and magnetic
field. Notably, AR,, remains nearly quantized up to 8 K, suggesting a Curie temperature around
12 K. The temperature-electric field map of R, in panel 3.8a, ¢ highlights the transition near

D./ep =~ 150 mV /nm, with the resistance rising sharply in the trivial regime.

We extract the thermal activation gap A from Arrhenius fits to the R, data, shown in
panel 3.8d. In the QAH regime (D/eg < D./ep), Ry follows R e~8/2k8T 4t low temperatures.

eT2/2k8T  reflecting

In contrast, beyond the transition, in the trivial insulator, R, follows R
thermally activated conductivity. Near the critical point, R,, is temperature-independent and of

order h/e?, consistent with behavior expected at topological phase transitions [115, 116].

The extracted gap A decreases gradually with increasing D /ey within the QAH state and then
closes and reopens across the transition, indicating a topological phase transition driven by electric

field. Additional gap analysis from R, data is presented in Fig. 3.8b,e.f.
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Figure 3.8: Electric-field-driven topological phase transition at v = —1. a, Temperature depen-

dence of unsymmetrized R, at selected D/gp, measured at poH = 100 mT to suppress domain
fluctuations. b, Temperature evolution of § Ry, = |h/e? — Ry, | from antisymmetrized Hall data at
+100 mT. ¢, Color map of R, as a function of temperature and D/g(, showing a transition from
a QAH to a trivial insulator beyond ~150 mV /nm. d, Activation gap extracted from R, in (c)
reveals a closing and reopening of the energy gap, indicative of a continuous topological transition.
e, Map of 6R,, corroborates a transition near 150 mV/nm. f, Activation gap derived from (e),
peaking at ~35(2) K near D /ey = 0, consistent with the R, -derived estimate of 32(2) K.

3.6 Fractional Quantum Anomalous Hall States

We next examine the fractional quantum anomalous Hall (FQAH) states, with all measurements
taken from device D(3.7°). Figure 3.9a presents R,, and Ry, as functions of out-of-plane magnetic
field poH at v = —2/3, measured at 7' = 500 mK and D/ey = 0. The Hall resistance Ry,
shows a hysteresis loop centered at pugH = 0, quantized within 1% to +3h/2e2, with a coercive
field poH: ~ 20 mT. The longitudinal resistance R, remains below 1 k2, aside from small peaks
coinciding with magnetization reversal. These features confirm the realization of a Chern number
C = —2/3 FQAH phase.

Figure 3.9b displays analogous behavior at v = —3/5, where R, transitions between +5h/3¢?
within 3% accuracy, again accompanied by low R,,. This identifies a C = —3/5 FQAH state.

These FQAH phases are tunable with vertical electric field. For clarity, we focus on the —2/3
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Figure 3.9: Fractional Quantum Anomalous Hall Effect in D(3.7°). a,b, Ry, and Ry, versus puoH
at v = —2/3 (a) and —3/5 (b), measured at 7' = 500 mK and D/egy = 0. ¢, Symmetrized Ry, (red)
and antisymmetrized |R,,| (blue) at poH = £50 mT as functions of D /e at T' = 100 mK.

state. In Fig. 3.9c, Ry and Ry, are shown as functions of D /ey at fixed |poH| = 50 mT and
T = 100 mK. A sharp degradation of the quantized R,, is observed beyond |D./eo| =~ 20 mV /
nm, with complete suppression by |D/eg| 2 80 mV /nm. Simultaneously, R, rises from near zero,
reaching a peak (~ 100-200 k€2) in the intermediate region, before decreasing to 20-30 k2 as D /e
increases past 150 mV/nm. This evolution implies an electric-field-induced transition from the
FQAH phase to a trivial insulating regime, followed by a crossover to a more conductive (metallic)
state. These transitions are also discernible in Fig. 3.3. Further theoretical modeling is needed to

clarify the nature of these field-driven phases.

To extract the energy gap of the —2/3 FQAH state, we study its temperature dependence.
Figure 3.10a shows the evolution of R, and R, with ugH at various temperatures. Figure 3.10b
plots the hysteresis amplitude AR, as a function of field and temperature. As temperature rises
above 1 K, the zero-field quantization weakens, though R, remains quantized under small finite

field (> 20 mT) up to approximately 2 K. Above this, quantization rapidly degrades and the
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Figure 3.10: Temperature dependence of v = —2/3 state. a, Ry, and Ry, versus pgH at selected
T, showing persistent quantization of R, near 2 K. b, Hysteretic Hall signal AR, as a function
of temperature and magnetic field.

hysteresis vanishes beyond 4 K.

We estimate the thermal activation gap A using Arrhenius fits to R,, (Fig. 3.11), modeled as
R(T) = Roe~Pelta/2k8T  For y = —2/3, we obtain A = 23(7) K. A consistent gap value is extracted
from the temperature dependence of dR,, = [3h/ 2e? — R.y|. Applying the same analysis to the
—3/5 state (Fig. 3.11) yields a smaller gap of A = 15(3) K. These results align well with previous

optical spectroscopy [11] and exact diagonalization calculations [117].

3.7 Anomalous Hall State at Half-Filling

We now focus on the transport characteristics near half-filling, using data from device D(3.7°).
Similar results were obtained from device D(3.9°). Figures 3.12a and b display R,, and R, as
functions of out-of-plane magnetic field pgH, measured at v &~ —1/2, temperature 7' = 500 mK,
and zero displacement field (D/ep = 0). The Hall resistance R,, exhibits a hysteretic loop with a
coercive field poH. ~ 16 mT, and reaches values near +2h/ e? at pwoH = 0, while R,, remains low,
around 2 k().

Figure 3.12c presents the temperature dependence of R, and R, near v = —1/2 (symmetrized
and antisymmetrized at |uoH| = 50 mT, respectively). As temperature increases, the R, value near

2h/e? progressively diminishes, vanishing above 7'~ 4 K. At the same time, R,,, which initially
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Figure 3.11: Activation gap analysis of FQAH states in D(3.7°). a, Arrhenius plot of R, at
v = —2/3 with an exponential fit R = Rye=2/?2T. b, Corresponding fit of Ry, = (3h/2¢% — Ryy)
yields a comparable gap. Extracted activation energies from R, and Ry, are 23(7) K and 21(4) K,
respectively. ¢, Similar analysis for v = —3/5 using Ry, and 0R,y = (5h/3€? — Ryy), giving energy
gaps of 15(3) K and 14(2) K.

sits near 2 k{2, begins to rise significantly around 2 K. These observations point to a temperature-
driven crossover from a spontaneously polarized anomalous Hall phase to a topologically trivial
high-temperature regime. The hysteretic component AR,,, also fades out above 4 K, further

supporting this conclusion.

To examine the density dependence, Fig. 3.13 shows symmetrized R, and antisymmetrized R,
versus v at 7' = 100 mK, using a fixed field of |pgH| = 50 mT. Clear plateaus in R, are observed
at v = —2/3 and —3/5, consistent with quantization at 3h/2e? and 5h/3e?, respectively. Notably,
these quantized values occur at the peaks of broad humps in R.y(v), while near v = —1/2, R,
exhibits a linear evolution with v, crossing approximately 2h/e?. Across this region, R, remains

low, typically below a few kf).
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Figure 3.12: Anomalous Hall response near half-filling in device D(3.7°). All measurements were
performed at D/eg = 0. a,b, Ry, (a) and Ry, (b) as functions of g H at v ~ —1/2 and T = 500 mK.
¢, Temperature-dependent R, (symmetrized) and R,, (antisymmetrized) at £50 mT show a phase

transition between 2—4 K.

The approximately linear dependence of R,
on filling near v = —1/2, combined with the
absence of an insulating signature in Ry, in-
dicates a compressible electronic phase. This
interpretation is reinforced by the absence of
any optical gap features in earlier trion sens-
ing experiments [11]. The observed behavior
is reminiscent of composite Fermi liquid (CFL)
phases near half-filling in the lowest Landau
level of conventional two-dimensional electron
gases [118, 22, 119, 120], and aligns with re-
cent theoretical predictions suggesting a zero-
field CFL state as the likely ground state at
v = —1/2 in twisted MoTey [54, 55].
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Figure 3.13: Filling factor dependent transport
at D/eg = 0. Symmetrized R;; (red) and an-
tisymmetrized R, (blue) versus filling factor v,
measured at pgH = +£50 mT and T ~ 100 mK.
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3.8 Conclusion and Perspectives

To conclude, our transport measurements offer direct evidence for both integer (C' = —1) and
fractional (C' = —2/3 and C' = —3/5) quantum anomalous Hall states in rhombohedral-stacked
twisted MoTey bilayers. These states were previously inferred through thermodynamic analyses
of optical spectroscopy data [11], but our results provide unambiguous electrical confirmation.
Moreover, we identify a novel anomalous Hall phase near half-filling, which exhibits a similar
electric-field-driven transition as the C' = —2/3 FQAH state, hinting at underlying similarities in
their origin.

Whether this half-filled anomalous Hall state corresponds to a zero-field composite Fermi liquid
(CFL) remains an open question. Theoretical work has proposed that such a CFL phase [55] may
exhibit intrinsic commensurability oscillations in transport near ¥ = —1/2, analogous to the mag-
netoresistance oscillations seen in conventional Landau level systems subjected to external periodic
modulations [121, 122]. In moiré materials, these effects would uniquely reflect the superlattice
periodicity, offering a potential experimental fingerprint for the CFL regime in zero field.

Looking ahead, continued advancements in material quality and contact engineering should
open the door to a deeper exploration of this rich system. Twisted MoTes bilayers appear poised to
serve as a highly tunable platform for probing the complex interplay between electron correlations,
band topology, and spontaneous magnetism. These developments also hold promise for realizing

novel topological and spintronic device architectures based on moiré engineering.
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Chapter 4

LOCAL PROBE OF FRACTIONAL CHERN INSULATOR EDGE STATES

Fractional quantum Hall (FQH) states are distinguished by an incompressible two-dimensional
bulk and chiral edge channels that transport fractionally charged quasiparticles [21, 6, 25, 101, 123].
While indirect signatures of quasiparticle fractionalization have been observed through charge-
sensing [124, 125, 126], shot noise measurements [127, 27|, and scanning gate microscopy [128],
direct spatial visualization of FQH edge modes and the surrounding insulating bulk remains a
major experimental challenge. Such imaging is essential for probing the microscopic nature of edge
conduction [129] and may play a key role in advancing platforms for topological quantum computing
via anyonic braiding [130].

Earlier studies using magnetoplasmon resonance [131] provided indirect insight into edge dy-
namics, and more recently, synthetic quantum systems have enabled real-space imaging of chiral
edge transport [132, 133, 134, 135]. However, these bosonic analogs lack the fully gapped bulk

necessary to test bulk-boundary correspondence in electron-based FQH systems.

Microwave impedance microscopy (MIM) has emerged as a powerful local technique capable of
mapping conductivity with nanoscale spatial resolution [136]. MIM has been used to image edge
conduction in several topological phases, including integer quantum Hall systems [137, 138, 139,
140], quantum spin Hall insulators [141], and quantum anomalous Hall states [142]. Nonetheless,
imaging edge states in *fractional® regimes remains experimentally prohibitive due to the stringent

requirements for realizing FQH states—namely high magnetic fields and ultra-low temperatures.

The recent discovery of the fractional quantum anomalous Hall effect (FQAHE) [11, 12, 13,
14, 143] provides a promising new route to access fractional edge physics under more accessible
experimental conditions. In particular, FQAHE systems such as twisted bilayer MoTes (t-MoTes)
display nearly quantized Hall resistance and strongly suppressed longitudinal resistance in the
v = —2/3 FCI phase at temperatures exceeding 2K and without external magnetic fields [13].

These characteristics make FQAHE platforms ideal candidates for real-space imaging of fractional
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edge conduction.

Yet several fundamental questions remain unanswered. While R, is greatly suppressed in

transport, it remains finite—likely due to intrinsic disorder such as moiré inhomogeneity [144].

Signatures of topological phase transitions have been inferred from global transport [13, 14], but

their microscopic origins remain poorly understood. Furthermore, the existence, morphology, and

coherence of fractional edge modes have not yet been confirmed locally.

In this work, we address these open questions using a scanning microwave impedance microscope

with spatial resolution better than 100 nm. This technique allows us to directly visualize edge

conduction in a zero-field FCI, revealing how disorder, topological phase transitions, and edge

structure manifest in real space.

4.1 Exciton-Resonant MIM for Dual-Gated Moiré Devices

To probe local conductivity in dual-gated
twisted MoTey (t-MoTes) devices, we devel-
oped an exciton-resonant microwave impedance
microscopy (ER-MIM) technique, designed to
overcome limitations associated with conven-
tional MIM in gated structures. In standard
setups, the presence of a metallic or thick dielec-
tric top gate often screens the microwave signal,
significantly reducing sensitivity to the underly-
ing sample. Our approach mitigates this issue
through both instrumental advancements and
careful sample architecture.

The measurement schematic is illustrated
in Fig. 4.1a. A microwave signal is delivered
through a transmission line impedance-matched
to a metallic scanning probe tip [145, 136, 146,
71], enabling high-sensitivity, near-field imag-
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Figure 4.1: Exciton-resonant  microwave
impedance microscopy setup. The device is
partitioned into dual-gated regions 1 (left) and 2
(right), with an ungated central region lacking a
top gate.

ing. The sample comprises a 3.2°-twisted MoTes homobilayer encapsulated between hexagonal



95

boron nitride (hBN) layers, with a graphite bottom gate and an optically transparent top gate.

Crucially, the top gate is realized using a monolayer of tungsten disulfide (WSz), which is both
atomically thin and optically active. When illuminated with light near the WSo A-exciton resonance
(~2.2eV), photoexcitation induces a local photogating and photoconductive effect [147], thereby
tuning the electrostatic potential of the underlying device without significantly attenuating the
microwave field. This design enables direct MIM sensing of the MoTey layer even in the presence
of a top gate.

As shown in Fig. 4.2a, we use atomic force microscopy (AFM) lithography to etch a narrow
trench through the WSy top gate, creating two spatially distinct regions—region 1 (left) and region
2 (right)—with independently addressable gate potentials.

All measurements are conducted at zero magnetic field using a 6.5 GHz excitation frequency.
Our analysis focuses on the imaginary component of the reflected microwave signal (MIM-Im),
which is sensitive to local dielectric screening and sample conductivity. This contrast channel is
particularly well suited for detecting edge modes and inhomogeneous conductivity in correlated

electron systems.
4.2 Sample Fabrication

Single crystals of 2H-phase MoTes were synthesized via a tellurium self-flux method. High-purity
Mo powder (pre-annealed under Hs) and elemental Te were mixed at a molar ratio of approximately
1:200, then sealed under vacuum in a quartz ampoule. The sealed tube was heated to 750°C in a
box furnace, followed by slow cooling to 500 °C at a controlled rate of 1 K/hour. Residual Te flux
was removed by vacuum annealing the resulting crystals at 500 °C for 24 hours.

For device assembly, hexagonal boron nitride (hBN) and graphite flakes were mechanically
exfoliated onto Si/SiOy substrates and identified using contrast-enhanced optical microscopy and
atomic force microscopy (AFM). The bottom gate structure was assembled using a poly(bisphenol
A carbonate) (PC)-based dry transfer method. First, an hBN flake (serving as the bottom gate
dielectric) was picked up, followed by a graphite flake (bottom gate electrode), then transferred
onto a high-resistivity Si substrate. After transfer, the PC film was removed by successive rinses in
chloroform and dichloromethane.

The bottom gate pattern was defined using electron beam lithography. Electrical contacts were
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Figure 4.2: Device fabrication workflow. Each row shows, from top to bottom: schematic, optical
image, and AFM image. Scale bars: 10 pm (optical), 2 pm (AFM).

deposited by e-beam evaporation: Ti/Pt (2/5nm) for electrodes, and Cr/Au (5/60 nm) for contact
pads.

Monolayer MoTes flakes were exfoliated inside a glovebox under low O and HO conditions
(<0.1 ppm). To minimize strain, a single MoTes monolayer was split into two halves using an AFM
tip prior to stacking. The twisted bilayer structure was fabricated by sequentially picking up one
half with a hBN flake (serving as the top dielectric), rotating the stage by a controlled twist angle
(~3.2°), and then picking up the second half. The entire heterostructure was deposited onto the
prepatterned bottom gate.

Top gate metallization was completed in a subsequent lithography step, followed by metal
evaporation (Ti/Pt and Cr/Au) to define electrodes and contact pads. A monolayer WSs flake
was then picked up and transferred onto the device as the top gate layer. Notably, the use of

monolayer WSo enables optical gating without screening microwave signals, a key requirement for
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exciton-resonant MIM imaging.

Throughout the fabrication process, contact-mode AFM was used extensively to clean the sam-
ple surface and eliminate polymer residue and interfacial bubbles. During the final cleaning step,
the AFM tip was used to etch a narrow channel through the WS top gate, spatially separating do-
mains with different local gate potentials and enabling the stabilization of distinct Chern insulating

phases within a single device.

4.3 Bulk Conductivity Mapping with ER-MIM
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Figure 4.3: Dual gate map of MIM. a, MIM-Im signal measured at 1.5 K as a function of electric
field D/eg and carrier density 7 in region 1. b, MIM-Im signal versus v at 1.5 K (orange, top) and
at 500 mK with zero displacement field (blue, bottom).

The high spatial resolution of ER-MIM enables direct measurement of the bulk conductivity in
fractional Chern insulators (FCIs), independent of edge contributions—an inherently challenging
task for conventional transport techniques. Figure 4.3a displays the MIM-Im signal as a function
of carrier density n and interlayer displacement field D/eo, both of which are estimated using a
geometric capacitance model. These data were acquired in region 1 of the device (marked by the

white star in Fig. 4.4a) at a temperature of 1.5 K.
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In this color map, darker tones indicate insulating behavior (weaker microwave screening), while
brighter regions correspond to higher local conductivity. The resulting phase diagram reveals a
complex interplay of correlated states. Near zero interlayer field, where the system approximates a
symmetric honeycomb moiré potential, we observe prominent insulating features centered at filling
factors v = —1, —2/3, and —3/5, consistent with the formation of Chern and fractional Chern
insulating phases. In contrast, near v = —1/2, the system remains relatively conductive, likely
reflecting a metallic state. At even lower fillings, such as v = —1/3, insulating behavior re-emerges.

At large values of \]_N) /€ol, carriers are polarized into a single layer, transforming the moiré po-
tential from a honeycomb to a triangular lattice. This results in re-entrant insulating behavior,
particularly at commensurate fillings such as v = —1, and with additional insulating regions near
v =—-2/3 and —1/2. An intermediate bright band of conductivity appears at moderate displace-
ment fields, separating the insulating states in the symmetric and polarized limits—indicative of a
phase transition involving electronic delocalization.

The bulk phase diagram obtained from ER-MIM closely mirrors the Chern insulator signatures
previously identified via longitudinal resistance (R;;) measurements [13]. In transport studies,
both the QAH state at ¥ = —1 and the —2/3 FCI exhibit significant suppression of R,,, suggesting
dissipationless edge transport atop an insulating bulk. Our local conductivity maps directly confirm
this picture. At v = —1/2, transport reveals finite but reduced R, consistent with the moderately
enhanced MIM-Im signal here, indicative of a partially conducting, likely metallic bulk. This regime
has been linked to composite Fermi liquid behavior in moiré flat bands [54, 55].

As the interlayer field is increased, R, rises sharply at v = —1, —2/3, and —1/2, suggesting
transitions to charge-ordered states such as Mott or generalized Wigner crystals [62, 63, 67]. Our
MIM measurements not only corroborate this insulating behavior but also resolve an intermediate,
conducting regime, consistent with gap closing during a topological-to-trivial phase transition.

Beyond phase mapping, ER-MIM allows spatially resolved spectroscopy in regions less affected
by disorder. Figure 4.3b shows the MIM-Im signal as a function of v at zero displacement field,
taken at 1.5K (orange) and 500mK (blue). Well-defined dips in conductivity are observed at
v = —1, —2/3, and —3/5, signaling the presence of robust insulating phases. Notably, at the
lower temperature of 500 mK, an additional dip emerges near v = —4/7, which is absent at higher

temperatures, suggesting a smaller gap and enhanced thermal fragility of this state.
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A shallow but discernible dip also appears at ¥ = —1/2, hinting at possible incipient ordering.
These weaker features—particularly those near v = —4/7, —1/2, and at lower fillings—are found to
vary spatially across the sample, and are only resolved in cleaner regions. These position-dependent

signatures point to the critical role of disorder and motivate further studies using devices with

improved uniformity.

4.4 Imaging of Edge States in the Integer Chern Insulator Regime
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Figure 4.4: Microwave imaging of QAH edge states. a, AFM image of the device (left), with etched
edges (gray dashed line), interface (green dashed line), and MIM scan area (black rectangle). Scale
bar: 1 pm. Right: MIM-Im maps at selected filling factors v, showing increasing bulk-edge contrast
near v = —1. Scale bar: 1 pm. b, MIM-Im signal versus D/ag and n at 1.5 K, measured at the
white star in panel a. ¢, MIM-Im line profiles (vertically offset) averaged over 0.7 pm along the

dashed line in panel a.

By scanning the metallic microwave probe across the sample surface, ER-MIM allows spatial
mapping of local conductivity, enabling direct visualization of edge conduction in Chern insulating
phases. Figure 4.4a presents spatial MIM-Im maps taken at a sequence of filling factors ranging
from v = —1.28 to —0.73. The measurement trajectory in parameter space is indicated by the

white arrow in Fig. 4.4b, corresponding to a fixed location in region 1 (marked by the white star
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in Fig. 4.4a). The topmost panel of Fig. 4.4a shows an atomic force microscopy (AFM) topograph
of the scanned area, with the black dashed square outlining the field of view. The lower portion of
this scan, demarcated by a grey dashed line, covers the t-MoTes device area.

At high doping (v = —1.28), the MIM-Im signal is bright and spatially uniform across the
scanned region, consistent with a metallic bulk. As the filling factor approaches v = —1, the
MIM-Im signal in the interior diminishes while bright, conductive features emerge along the sample
boundary—hallmarks of a quantum anomalous Hall (QAH) state [142]. The spatial profile indicates
an insulating bulk surrounded by one-dimensional conducting edge channels. Reducing the doping
further beyond v = —1 results in a reappearance of the metallic state across the bulk. Comparable
behavior is observed in region 2 of the sample. A consistently bright feature along the boundary
between regions 1 and 2 is attributed to the absence of the WSs top gate in that interface, resulting
in a local variation in carrier density.

To quantitatively assess the evolution of edge conduction with doping, we extract spatial line
profiles of the MIM-Im signal across the sample edge. These cuts, shown in Fig. 4.4c, are taken
along the dashed line indicated in the second panel of Fig. 4.4a. Two key observations emerge:
first, the width of the edge-localized MIM-Im peak narrows as v approaches —1, consistent with
the emergence of localized chiral edge states. Notably, the full width at half maximum (FWHM)
remains ~500 nm—substantially broader than the spatial resolution of the tip, indicating a physical
broadening rather than instrumental limitation.

Second, the MIM-Im amplitude at the edge is maximized near the QAH state, exceeding that
of the bulk metallic phase. This enhancement and broadening are consistent with the excitation of
gapless edge magnetoplasmon (EMP) modes [148], which arise from collective charge oscillations
confined to the one-dimensional edge channel. The observed spatial extent of the MIM-Im peak
matches well with the expected EMP decay length, which can approach the system size in low-

dissipation chiral edge states.
4.5 Imaging Edge Modes in Fractional Chern Insulators

To investigate the edge conduction behavior in fractional Chern insulating (FCI) phases, we perform
spatially resolved MIM-Im measurements across a range of filling factors within the Chern band.

Figure 4.5a displays spatial MIM-Im maps taken along the trajectory indicated by the blue arrow in
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Figure 4.5: Imaging fractional edge states. a, MIM-Im maps at selected filling factors, showing
emerging edge-bulk contrast near v = —2/3 and —3/5. Scale bar: 1 pm. b, MIM-Im linecuts
averaged over 0.3 pm along the dashed line in previous figure (Region 1), across v = —0.661 to

—0.713. c, Edge linecuts at v = —

1, —2/3, and —3/5, averaged over 0.5 pym. d, MIM-Im signal

versus effective gate voltage at two locations in distinct regions at 1.5 K, revealing coexistence of

v =—2/3 and —3/5 FCI states.
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Fig. 4.4b. Starting from slight underdoping of the QAH state (¥ < —1), the entire sample exhibits
bright MIM-Im contrast, indicative of metallic conductivity. As the system approaches fractional
fillings, such as v = —2/3, the interior becomes dark while the edges remain bright, revealing an
insulating bulk coexisting with conductive boundary channels—direct evidence of an edge state
associated with the —2/3 FCI. A similar contrast pattern is observed at v = —3/5, reinforcing its
identification as a distinct fractional phase with edge conduction.

To analyze the evolution of edge localization with doping, Fig. 4.5b shows spatial MIM-Im line
profiles extracted along the same edge region for different filling factors, ranging from v = —0.71
(black) to —2/3 (orange). As the system transitions into the —2/3 FCI regime, the bulk signal
diminishes and the edge response becomes more pronounced, resembling the behavior seen in QAH
states [149, 150]. These results demonstrate the formation of well-localized, conductive edge states
even in the absence of an external magnetic field.

We compare the structure and strength of the edge signals across several topological phases.
Figure 4.5¢ plots MIM-Im profiles for v = —1 (black), —2/3 (purple), and —3/5 (yellow) under iden-
tical measurement conditions. All three states display comparable spatial widths of the edge peak,
on the order of hundreds of nanometers, suggesting the presence of collective edge magnetoplasmon
(EMP) modes [148]. Notably, the peak amplitudes differ between states, hinting at differences in
edge charge dynamics and internal structure.

The frequency and strength of EMP resonances are governed by the Hall conductance (o),
edge confinement potential, and the characteristic length scale of edge localization. At the fixed
probe frequency of 6.5 GHz, MIM-Im is primarily sensitive to the lowest-order EMP mode. In a
single-channel model, one expects MIM-Im,—_; < MIM-Im_5/3 < MIM-Im_3/5, based on both
decreasing o, and increasing o, screening. However, our data show that the MIM-Im amplitudes
for —2/3 and —3/5 are nearly identical, deviating from this simple ordering. This discrepancy
suggests the inadequacy of a non-interacting single-edge picture.

Given the sharp physical edge in our device, strong inter-channel coupling and disorder-induced
scattering are expected [151, 152]. These effects are well captured by the Kane-Fisher-Polchinski
(KFP) model [153], which describes fractional edges as a composite of counterpropagating charge
and neutral modes. In the case of ¥ = —2/3, this corresponds to a downstream charge channel

with conductance 2¢?/3h and an upstream neutral mode. The presence of this neutral mode could
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explain the absence of a compressible stripe detectable by MIM (which has ~100 nm resolution),
as well as the altered edge amplitude.

Our ability to detect edge states with high spatial fidelity is enabled by the uniformity and
large thermodynamic gaps in twisted MoTeg [154], which support robust bulk-edge correspondence.
Interestingly, we observe spatial coexistence of distinct FCI phases in different sample regions. As
shown in Fig. 4.5d, gate sweeps from two nearby areas (dashed boxes in Fig. 4.4a) reveal that one
region hosts the —3/5 FCI while the other stabilizes the —2/3 state, likely due to slight variations in
gate coupling. The interface between these regions exhibits complex MIM-Im contrast, consistent
with a strongly scattered interfacial state.

These observations highlight the potential for engineering sharp domain boundaries between
different anyonic orders at zero magnetic field. With future device designs, such as split top gates
enabling local control of filling, it may be possible to intentionally stabilize topologically distinct
FCI regions and probe the 1D interface states between them [155]. Such interfaces open exciting
opportunities to study inter-edge scattering between Laughlin and Halperin states, topological

entanglement, and even engineer non-Abelian anyon braiding schemes in moiré materials [26].
4.6 Electric-Field-Driven Evolution of Edge States

To explore the behavior of edge conduction across topological phase transitions, we examine the
effect of a perpendicular electric field on the microwave response of various Chern and fractional
Chern insulator states. Figure 4.6a presents the MIM-Im amplitude as a function of displacement
field D/eg for the v = —1 (purple), —2/3 (orange), and —3/5 (red) states. In all cases, the MIM
signal is suppressed at both small and large values of |D/¢g|, but exhibits a distinct enhancement
in the intermediate field regime.

This non-monotonic behavior reflects the sequence of transitions from a topologically nontrivial
insulating state (QAH or FCI), to a metallic phase as the gap closes, and finally into a correlated
trivial insulator at high fields. These field-induced transitions reflect changes in layer polarization
and moiré symmetry, which alter the effective band topology and electron correlations.

Figure 4.6b shows representative spatial MIM-Im images at selected electric fields for the v =
—2/3 FCI state. In the FCI regime near D/ey = 0, the bulk is dark while the edges appear

bright, consistent with an incompressible interior supporting chiral boundary conduction. As the
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Figure 4.6: Edge state evolution across an electric field-driven topological transition.
a, MIM-Im signal versus effective displacement field D/ey at T = 1.5 K for the v = —1 (purple),
—2/3 (yellow), and —3/5 (red) Chern insulator states. Curves are vertically offset for clarity. b,
Spatial MIM-Im maps at v = —2/3 taken at varying D /e, showing progressive development of
edge-localized contrast as the FCI state forms. Scale bar: 1 ym.

field increases, the signal brightens across the device, indicating entry into a metallic phase with
enhanced bulk conductivity. At even larger field magnitudes, the signal becomes uniformly dim
again, signifying a re-entrant correlated insulator in the layer-polarized regime.

This sequence of bright—dim—bright—dim contrast in MIM-Im provides a direct, spatially resolved
fingerprint of topological and symmetry-breaking phase transitions. The stark difference between
the localized edge signal in the FCI regime and the fully insulating high-field phase highlights the
topological origin of the edge conduction. In particular, the edge-localized MIM response disappears
in the trivial insulator, affirming that the observed fractional edge states arise from bulk-boundary
correspondence, rather than trivial edge accumulation.

A similar electric field evolution is observed for the v = —1 QAH state, where sharp edge features
persist until the system transitions to a fully layer-polarized insulator. In contrast, at v = —1/2,
the system behaves differently. At 7" = 1.5 K, the MIM signal transitions from a compressible or

weakly compressible state at low field to an incompressible phase at large |D/eg|, consistent with
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emergent charge ordering in the triangular lattice limit.

These measurements demonstrate the utility of ER-MIM in tracking the evolution of bulk and
edge states through topological and correlation-driven transitions. The ability to resolve such
changes spatially provides powerful evidence for bulk-boundary correspondence and highlights the

distinct field-tunable nature of FCIs and their metallic or insulating counterparts in moiré platforms.

4.7 Conclusion

By combining exciton-resonant microwave impedance microscopy (ER-MIM) with a monolayer
WS, top gate, we demonstrate the first MIM-compatible platform for dual-gated moiré devices
operating entirely at zero magnetic field. This technical advance allows spatial imaging of correlated
topological phases—specifically, quantum anomalous Hall (QAH) and fractional Chern insulator
(FCI) states—in twisted bilayer MoTes. In both regimes, we observe clear signatures of insulating
behavior in the bulk coexisting with conducting edge channels, providing direct, real-space evidence
of bulk—boundary correspondence in the fractional quantum anomalous Hall regime.

These findings are further reinforced by field-tunable imaging across topological phase transi-
tions. ER-MIM captures the closure and reopening of energy gaps as the system evolves from a
Chern insulator to a correlated trivial insulator via an intermediate metallic state, validating the
topological origin of the observed edge states.

Comparative analysis between integer and fractional edge responses—along with differences
among fractional states—reveals that the FCI edge likely comprises multiple interacting channels,
consistent with theoretical models such as the Kane—Fisher—Polchinski picture. Our spatial maps
also uncover nuanced features inaccessible to bulk transport, including spatial domains of distinct
anyonic order and the presence of weak or fragile fractional states in locally cleaner regions.

Altogether, our results establish ER-MIM as a versatile tool for probing the microscopic struc-
ture of topological states in moiré systems and pave the way for future studies of edge reconstruc-
tion, domain wall physics, and ultimately the controlled creation of anyonic braiding geometries in

fractional quantum anomalous Hall platforms.
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Chapter 5
FERROMAGNETISM AND TOPOLOGY OF HIGHER CHERN BANDS
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Figure 5.1: Interaction-induced ferromagnetism in the second Chern band. a, Moiré lattice of
2.6° twisted MoTe,. At half-filling, holes localize on MX and XM, forming a honeycomb network
with direct exchange-driven magnetism. b, Top: Non-interacting Chern bands with spin—valley
degeneracy and opposite Chern numbers at +K (red) and —K (blue). Bottom: At v = —1 and
—3, interactions lift the degeneracy, yielding spontaneous spin polarization.

In the moiré superlattice of twisted bilayer MoTes (tMoTes), recent theoretical developments
have unveiled a rich hierarchy of minibands with nontrivial topology, particularly beyond the lowest
Chern band [47, 110, 156, 157, 158, 57, 159]. These higher moiré bands, shaped by the underlying
skyrmion-like layer pseudospin textures and electrostatic landscape, exhibit Chern numbers that
vary sensitively with twist angle, interaction strength, and band-mixing effects. While the first
moiré band is understood to host topological order analogous to the lowest Landau level (LLL),
the structure of the second Chern band is qualitatively distinct and opens new possibilities for
correlated states, including even-denominator and non-Abelian phases [160, 161, 162, 163, 164,
165, 166, 167, 168, 169].
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Figure 5.2: DFT band structure and moiré potential evo-
lution with twist angle. a, First-principles band structure
of tMoTes at 2.45° and 3.89°, showing that while the first
moiré miniband at the K valley has C' = +1 in both cases,
the second band switches from C' = +1 to C' = —1. b,
Calculated electrostatic potential difference Avy between
layers. The orbital centers shift from MM to MX/XM sites
as 6 increases, inverting the Chern number of the second
moiré band.
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The topological character of these
higher bands is a direct consequence
of the spatial modulation in the
layer pseudospin effective magnetic
field he(7), which defines the real-
space Berry curvature and controls
the emergent band topology. Cru-
cially, in the second moiré miniband,
both the quantum geometry and in-
teraction profiles differ significantly
from those in the first Chern band,
leading to altered energetics for spon-
taneous symmetry breaking. In par-
ticular, the second band often fea-
tures reduced Berry curvature unifor-
mity and twist-angle-dependent band
topology.

Figure 5.1 summarizes the ori-
gin of ferromagnetism in the second
Chern band and band schematic in
tMoTes. At half-filling of the second

Chern band (e.g., v = —3), carriers

predominantly localize on the high-symmetry MX and XM sites of the moiré unit cell, forming an

effective honeycomb network. The resulting direct exchange interactions between localized holes

yield spontaneous spin polarization and interaction-induced ferromagnetism. Notably, the strength

of such ordering is reduced compared to that in the first Chern band (e.g., v = —1), due to enhanced

screening and interband mixing.

A particularly intriguing aspect of the second Chern band is its sensitivity to twist angle. First-

principles calculations indicate that while the first moiré miniband retains a consistent topological

index (C' = +41) across a wide range of 6, the second band undergoes a topological inversion as



68

0 is tuned. Hartree-Fock calculations suggest that such transition occurs due to changes in the

interlayer electrostatic potential Avg (), which shifts the orbital center of the wavefunctions from

MX /XM sites towards MM sites as the twist angle decreases, as shown in Fig. 5.2.

DFT analysis [157] places the critical twist
angle 6. for this topological transition near 2.6°.
At 0 = 2.45°, the second moiré band exhibits
C = +1; at § = 3.89°, it flips to C = —1.
Additional calculations at intermediate angles
confirm this inversion trend and underscore the
tunability of band topology via moiré geometry.

The implications of this twist-angle-driven
topological transition are twofold. First, it en-
ables the exploration of opposite-sign Chern
bands within a single material platform, thus
allowing one to study the dependence of
interaction-driven symmetry breaking on band
topology. Second, it opens the door to realiz-
ing even-denominator FCIs at half-filling of the
second Chern band, where the Chern index and
flatness ratio can be tuned to optimize the sta-
bilization of non-Abelian phases.

The remainder of this chapter focuses on the

analysis of the magnetism and topological tran-
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Figure 5.3: Magnetic hysteresis and stability

across filling factors. a, RMCD signal versus
filling factor v and displacement field D/eg at
pwoH = 50 mT and T = 1.6 K, with carrier den-
sity n on the top axis. b, Hysteresis amplitude
(ARMCD) vs. v and poH at zero displacement
field. ¢, Field-dependent RMCD at selected v val-
ues, showing hysteresis loops.

sitions within the second moiré Chern band. These insights provide the necessary framework to

understand experimental observations and guide the search for exotic fractionalized states beyond

the Abelian Jain sequence.

5.1

Spontaneous Ferromagnetism in the Higher Flat Band

To probe interaction-driven magnetism in moiré bands, we performed reflective magnetic circular

dichroism (RMCD) measurements on a twisted MoTes device with a twist angle of 2.6°. Figure 5.3a
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Figure 5.4: Ferromagnetism near v = —3. a, RMCD versus v and D/egy at T = 1.6 K and zero
field, showing a wing-like magnetic feature. b, RMCD versus puoH at fixed D/eg = 0 for selected
v (green dots in a). ¢, Field sweeps at v =~ —3.7 for varying D /ey (black dots in a).

displays the RMCD signal mapped over carrier filling v (defined as the negative number of holes
per moiré unit cell) and perpendicular displacement field D/e(, acquired at a base temperature of
T = 1.6 K under a weak out-of-plane magnetic field pgH = 50 mT. The applied field stabilizes the
RMCD signal, as magnetic fluctuations at zero field lead to erratic switching and hinder reliable

density sweeps.

In line with previous studies [11, 12, 53|, a pronounced RMCD response is observed at v = —1,
where the lowest Chern band in each valley is half-filled. This state spontaneously breaks time-
reversal symmetry through valley polarization. The top two panels of Fig. 5.3¢ present hysteresis
loops of the RMCD signal obtained by cycling puoH at v = —1 and v = —2/3, respectively. The
presence of clear hysteresis confirms robust ferromagnetic order at both filling factors. In contrast,
at v = —2, the RMCD signal and its field dependence vanish entirely. This absence is consistent
with full occupation of both £K Chern bands, where valley degeneracy precludes any symmetry

breaking or magnetic ordering.

Strikingly, a second magnetic dome emerges near v = —3, corresponding to half-filling of the sec-
ond moiré miniband. A finite RMCD signal develops in this regime, and field sweep measurements

(Fig. 5.3¢) exhibit clear hysteresis, providing unambiguous evidence of spontaneous ferromagnetism.
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This state is stabilized across a broad electric field window and manifests as a pair of “wings” in
the v—D /ey parameter space (Fig. 5.4)—features phenomenologically similar to those previously
observed near ¥ = —1. The recurring structure suggests that both magnetic regimes may arise
from a common underlying mechanism.

As mentioned above, doped carriers in this regime predominantly occupy MX and XM high-
symmetry sites, forming a honeycomb lattice with direct exchange-mediated magnetism. As the
electric field is tuned, the system becomes increasingly layer-polarized. The magnetic phase bound-
ary, including the emergence of the wings, can be understood as arising from the competition
between intra-layer Coulomb repulsion and interlayer charge transfer energy. This field-induced

modulation reshapes the exchange interactions and sets the boundaries of ferromagnetic stabil-

ity [53].
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Figure 5.5: a—f, RMCD measurements vs. v and D /e, for devices with different twist angles. All

data were taken at 1.6 K and zero magnetic field.

To assess the angular dependence of this magnetic state, we performed RMCD measurements
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on devices spanning a twist angle range from 2.6° to 3.8°. Fig. 5.5 reveals that the RMCD signal
near v = —3 persists throughout this range, demonstrating that the ferromagnetism is universal
across these twist angles.

To quantify the strength and stability of the

a arco (0 2 © d magnetic states, we examine the coercivity by
o 1 iy . __Tjjf/—;:‘ —’T——S—L’—:_ plotting the hysteresis amplitude, ARMCD (de-
€s : R [ LA fined as the difference in RMCD between in-
) 7K 5K creasing and decreasing field sweeps), as a func-

mo w0 woaw £ e s tion of filling v (Fig. 5.3b). Peaks in ARMCD
: g s

’ e 45K K are found at v = —1 and v = —2/3, which

o 1l
e 3K oK correspond to integer and fractional Chern in-
<6 41 ]

T 2ok 7 sulating states, respectively. By contrast, the
2 XL ‘ - ‘ coercive field near v = —3 is relatively constant,
-200 -100 0 100 200 -0.1 0 0.1-0.1 0 0.1

ot (mT) #AM #A @ approximately 25 mT, and does not show signif-
Figure 5.6: Temperature-dependent ferromag- icant dependence on filling. This suggests that

netism at » = —1 and —3. a,b, Hysteresis am-

the magnetic phase at v = —3 is comparatively
plitude (ARMCD) versus poH and T for v = —1

and —3, showing Curie temperatures T, ~ 10 K
and 6 K, respectively. c,d, RMCD field sweeps
at D/ep = 0 across temperatures from 2-9 K (j)
and 2-6 K (k), confirming thermal suppression of

less rigid and may be more susceptible to ther-
mal or quantum fluctuations.

Further insight comes from temperature-

magnetism. dependent RMCD measurements. Figures 5.6

and 5.7 show the evolution of the ferromag-

netism at ¥ = —1 and —3, respectively, as temperature is varied. The extracted Curie temperatures
T, are approximately 10 K for v = —1 and 6 K for v = —3. The reduced T, at v = —3 reinforces
the conclusion of weaker exchange interactions, potentially due to increased dielectric screening at
higher carrier densities, larger band dispersion, or stronger hybridization with nearby energy bands.
It is also worth noting that the measured 7, at v = —1 in the 2.6° device is lower than the
previously reported value of ~14 K in devices with larger twist angles (e.g., # ~ 3.6°) [53]. This
trend is consistent with expectations: as the moiré wavelength increases with decreasing twist angle,
the real-space extent of the Wannier orbitals increases, thereby weakening exchange interactions

and reducing the overall magnetic transition temperature.
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Figure 5.7: RMCD maps versus v and D /e at various temperatures under puoH = 50 mT. Magnetic
order near v = —3 vanishes around 6 K, while the v = —1 signal persists up to ~9-10 K.

5.2 Topological Characterization and Anomalous Hall Effects

To explore the emergent topology of the second moiré miniband, we conducted four-terminal
magneto-transport measurements on a twisted MoTes device with twist angles of 8 ~ 2.6°,3.1°,
and 3.8°. Figures 5.8 display the longitudinal resistance R;, and Hall resistance R, , respectively,
measured as functions of the filling factor v and vertical displacement field D/eg at a base tem-
perature of 15 mK. The temperature-dependent traces at fixed D/eg = 0 for the 2.6° device are
shown in Fig. 5.9. To correct for slight mixing between longitudinal and transverse signals, and to
mitigate effects from low-field magnetic fluctuations, the data in panels a—b were symmetrized and
antisymmetrized using measurements at ugH = +0.5 T.

Near v = —1, we observe nearly vanishing R,, accompanied by a quantized Hall plateau at
Ryy ~ —h/e? (see Fig. 5.9), consistent with the formation of a robust integer quantum anomalous
Hall (QAH) state. At v = —2/3, a clear dip in R, coincides with R, ~ —3h/2¢?, indicating the

emergence of a fractional Chern insulator (FCI) phase. While this signal is somewhat degraded
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Figure 5.8: Transport phase diagram for different twist angles. Longitudinal resistance R, (top
row) and Hall resistance —R,,, (bottom row) versus filling factor v and displacement field D /e at
15 mK, symmetrized and antisymmetrized at |poH| = 100 mT.

due to increased contact resistance at low carrier density, these signatures at both v = —1 and
—2/3 agree with earlier experimental observations [13, 14] and establish the presence of correlated

topological states in the system.

Additionally, we identify a distinct anomalous Hall response near v = —3, where R, exhibits a
shallow minimum around ~7 k) and R, reaches a peak value of approximately —12 k2. Though
R, is sizable, it is not quantized, and R,, remains finite, suggesting an incipient Chern insulating
state where the topological gap is not fully opened. As the temperature increases from 50 mK to
6 K, Ry, at v = —3 initially increases while R, decreases but remains non-zero. Upon crossing
the estimated Curie temperature T, =~ 6 K, R, begins to drop again, indicating a transition out

of the ferromagnetic regime.

These findings support the band structure scenario depicted in Fig. 5.1. At v = —1, strong ex-

change interactions between spin-valley-split bands fully lift the degeneracy, opening a clear Chern
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Figure 5.9: Temperature-dependent transport. a,b, Symmetrized R,, (a) and antisymmetrized
—R,y (b) versus v at fixed |puoH| = 500 mT across temperatures. R, minima and quantized R,
plateaus mark Chern insulator (v = —1) and FCI (v = —2/3) states. At v = —3, a dip in R,, and
non-quantized R, suggest an incipient Chern phase. Inset: measurement configuration.

gap and enabling the QAH phase. However, at v = —3, the second moiré miniband exhibits a
broader bandwidth, leading to overlap between Chern bands as the Fermi level crosses across both
+K bands. This interpretation is corroborated by Hartree-Fock band calculations, which suggest
that band overlap and reduced density of states play critical roles in suppressing full quantiza-
tion. Additionally, at v = —2, the Hall response vanishes at zero field, consistent with balanced
occupation of +K and —K valleys. However, with increasing magnetic field, R, rapidly rises and
saturates around 7-8 k€2, hinting at field-driven valley polarization. The precise nature of this

intermediate state remains to be fully understood and warrants further investigation.

To investigate the twist-angle dependence of the anomalous Hall response, we compare magne-
totransport data from two devices with twist angles § = 2.6° and 3.8°. As shown in Fig. 5.10, R,
exhibits clear hysteresis as a function of out-of-plane magnetic field at both v = —1 and v = —3.
While the v = —1 state in both devices displays a negative Hall resistance approaching the quan-
tized value —h/e? after positive field initialization—consistent with spontaneous valley polarization

in the first Chern band—the behavior at v = —3 is markedly different between the two samples.
In the 3.8° device, the Hall signal at v = —3 reverses sign relative to that at v = —1, yielding a
positive R, of approximately +7 k() following the same magnetization protocol. This sign reversal

is also apparent in the corresponding dual gate maps shown in Fig. 5.8, highlighting a change in
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the topological character of the second Chern band. By contrast, in the 2.6° device, the v = —3
state exhibits a negative Hall response of roughly —12 k€2, aligning in sign with the v = —1 state
and suggesting identical Chern indices for both bands. Taken together, these observations suggest

a twist-angle-driven inversion of the second Chern band’s topology near 6. ~ 3°.
5.3 Magnetic Field-Induced Topological Phase Transition

An effective approach to experimentally probe

the topological character of Chern bands is to

1Y
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Figure 5.10: Anomalous Hall effect at v = —1 and

—3. a, Ry (red) and —R,, (blue) vs. magnetic
performed at base temperatures below 30 mK field for » = —1 and —3 in the 2.6 device at 15
mK. b, Same for the 3.8° device. The sign reversal
of the v = —3 Hall signal implies an opposite

panel, R,, and Ry, have been symmetrized and Chern number relative to the 2.6° device.

ples, respectively. These measurements were

and zero displacement field (D /ey = 0). In each

antisymmetrized, respectively, to eliminate spu-
rious mixing.

The resulting fan diagrams reveal a rich hierarchy of magnetic-field-induced states, which are
summarized in the Wannier plots of Figs. 5.11c and 5.11g. Annotated labels in the form of (C,v)

denote the Chern number C and the associated filling factor v extracted via Stfeda analysis. Con-
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Figure 5.11: Topological band inversion and Chern transitions at v = —2. a,b, Landau fan diagrams
of symmetrized R, (a) and antisymmetrized —R,,, (b) at 7" < 30 mK for a 3.8° tMoTe, device at
D/eg = 0. ¢, Corresponding Wannier diagram showing extracted Chern numbers C' and intercepts
v. d, Line cuts of R;; and —Ry, versus v at puoH = 8 T; a nearly quantized —R,, ~ —h/ e? is
seen at v = —3 with a sign opposite to the v = —1 QAH state. e—g, Same as a—c, but for the 2.6°
device. The dashed blue line marks a high-field topological transition; the dotted red line traces a
C = -2 state. h, R;; and —R,, at 13 T showing a C' = —2 Chern insulator near v = —2, with

vanishing R, and quantized —R,, ~ h/ 2e2.
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Figure 5.12: Zeeman-induced band inversion at ¥ = —2. Spin- and valley-resolved band structure

for the 2.6° device, with Fermi level Er indicated. At zero magnetic field, both valleys are equally
filled, yielding a net Chern number Cty = 0. At high field, Zeeman coupling drives a band inversion
between the first — K and second 4+ K bands, resulting in Ciot = —2 at v = —2. For the 3.8° device,
a similar inversion is expected, but the net Chern number remains zero.

sistent with previous studies [11, 13, 14], we observe dispersing signatures of the integer QAH state
at (C,v) = (—1,—1) and a fractional Chern insulator at (—2/3,—2/3). In the 3.8° device, the
v = —3 state is characterized by a Stfeda slope C' = +1, with R, ~ h/ e? and R, strongly sup-
pressed at high fields (Fig. 5.11 d). In contrast, the same v = —3 state in the 2.6° device exhibits a
negative slope C' = —1, aligning with the topological reversal in the second Chern band discussed
earlier. This confirms that the Stfeda slope reflects the cumulative Chern number up to the Fermi
level, and its sign is sensitive to twist angle.

For the 2.6° device, additional topological states appear at magnetic fields above ~7 T in the
vicinity of v = —2 (Figs. 5.11e-g). At lower fields, R, remains finite (~28 kQ2) and shows little
field dependence, while R, saturates near 7-8 k). However, above ugH = 7 T, a new gapped

phase emerges just above v = —2, where R, drops to near-zero and R, stabilizes at —h/ 2¢2. This
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Figure 5.13: High-field dual-gate maps. Longitudinal resistance R,, versus filling factor v and
displacement field D/eg at uoH =7 T (a), 9 T (b), and 13 T (c). A distinct insulating feature
appears near v = —3/2 and D /ey = 0.

state is clearly resolved in Fig. 5.11h, which shows line cuts of R, and R, versus v at yuoH = 13 T.
The corresponding Stieda slope indicates a Chern number C = —2 with an intercept at v = —2,

confirming the emergence of a magnetic-field-induced C' = —2 Chern insulator.

The microscopic origin of this phase can be understood as a Zeeman-driven crossing between flat
bands from opposite valleys. As depicted schematically in Fig. 5.12, at v = —2 and low field, both
+ K and — K valleys are equally populated, each contributing opposite Chern numbers and resulting
in a net topological index of C' = 0. Upon increasing poH, the upper flat band in the —K valley
shifts upward while the lower flat band in the +K valley moves downward. Once the two bands
cross, both filled bands originate from the same valley, each carrying a Chern number C' = +1. This
reconfiguration leads to a net C = —2 insulating state, as observed experimentally. In contrast,
the 3.8° device exhibits a similar incompressible feature at v = —2 but remains topologically trivial

even after band crossing, as can be seen in Fig. 5.12.

Additional temperature-dependent transport measurements indicate that this field-induced phase
has an activation gap of approximately 13 K at 13 T. Moreover, abrupt changes in transport suggest
that the topological phase transition at the band crossing point is first-order in nature.

Beyond the Chern insulator states, the fan diagram also reveals a distinct insulating phase

near v = —3/2 above ugH = 7 T (Fig. 5.11g). This state is prominent in Fig. 5.13, where
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R, is mapped as a function of v and D/eg at various fixed fields. The insulating feature is non-
dispersive with magnetic field, implying that it is topologically trivial and originates from electronic
correlations. We interpret this state as a charge-ordered insulator stabilized at half-filling of a valley-
polarized Chern band, following the Zeeman-induced band crossing. While theoretical proposals
have predicted non-Abelian FCI phases at comparable fillings [160, 171, 169, 172, 173, 174, 175],
our observations suggest that, under the current conditions in 2.6° tMoTes, a charge-ordered state

is energetically favored over topological liquid phases at v = —3/2.

5.4 Conclusion and Outlook

In summary, our experimental characterization of the second moiré flat band in tMoTey highlights
significant phenomena such as spontaneous ferromagnetism, angle-dependent topological transi-
tions, and magnetic field-induced topological phase transitions. These insights form a foundation
for future theoretical and experimental efforts directed towards realizing and manipulating higher-
order fractional Chern insulating states and exploring their potential non-Abelian anyonic excita-
tions. Our findings particularly underline the subtle interplay between topological band structures
and strong electron-electron interactions in moiré systems.

The emergence of spontaneous ferromagnetism and signatures of a developing Chern insulat-
ing state at v = —3, together with the clear identification of a Zeeman-driven topological phase
transition, establish a promising platform for realizing even-denominator fractional Chern insulator
(FCI) phases in higher Chern number bands. Recent theoretical and experimental studies have
suggested the possibility of a time-reversal-invariant fractional quantum spin Hall state at the same
filling in 2.1° twisted MoTey [176].

Our findings offer important empirical constraints for these proposals, and provide a detailed
phase landscape for future efforts aimed at understanding correlated topological phases in this
setting. The coexistence and interplay of interaction-driven magnetism, tunable band topology,
and high-field Chern insulating states position twisted MoTey as a rich and versatile platform for

engineering novel many-body quantum states.
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Chapter 6

DISSIPATIONLESS FRACTIONAL CHERN INSULATORS

Fractional Chern insulators (FCIs) exhibit a fractionally quantized Hall conductance, even in the
absence of an external magnetic field. These phases represent lattice counterparts of the fractional
quantum Hall (FQH) states [21, 6], which traditionally emerge in two-dimensional electron gases
subjected to strong magnetic fields. In both platforms, the emergence of fractional quasiparticles
is rooted in strong Coulomb interactions, but they exhibit key differences.

In conventional FQH systems, this length scale is set by the magnetic length [ ~ 26 nm/ \/W ,
where B denotes the applied magnetic field in teslas. By contrast, in FClIs realized on a crystalline
lattice, the relevant length scale is the moiré or lattice constant A, which is independent of external
fields. In moiré superlattices such as twisted bilayer transition metal dichalcogenides (TMDs), A
typically falls near 5 nm—substantially smaller than magnetic lengths attainable under common
experimental conditions. Combined with the intrinsically reduced dielectric screening in atomically
thin layers [177], this suggests that FCI platforms could, in principle, support larger many-body
energy gaps than their FQH counterparts.

In twisted bilayers of MoTes (tMoTey), robust fractional states such as the v = —2/3 phase
have been observed to persist at elevated temperatures up to 1.5 K—nearly 40% of the material’s
ferromagnetic transition temperature [13]. Thermodynamic magnetometry measurements [154]
estimate an activation gap of approximately 2.3meV (~27K) for this state, implying substantial
room for further enhancement via improved material synthesis and device engineering.

A defining experimental signature of quantum Hall states is the coexistence of quantized Hall
resistance (R;,) and vanishing longitudinal resistance (R,), indicating edge-dominated, dissipa-
tionless transport. While R;, quantization has been reported in both tMoTe; and rhombohedral
graphene FClIs, the persistence of finite R, suggests residual dissipative channels, likely stemming

from disorder or imperfect contact engineering.

This situation echoes early observations in the FQH regime. For instance, in the initial discovery
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Figure 6.1: Horizontal flux growth and defect characterization. a, Schematic of horizontal flux
transport growth in Te flux. b, Conductive AFM (c-AFM) image of commercial MoTe, showing
various unidentified defects with density ~ 10! cm™2. ¢, c-AFM image of flux-grown MoTey with
a dominant defect type (blue circles), density ~ 2 x 10° cm~2. d, Zoom-in image of the orange box
in c.

of the v = 1/3 state in GaAs quantum wells [21], quantization of R, was accompanied by a non-
zero Ry, on the order of several k2, in samples with electron mobilities around 10° cm? /Vs. It
was only with subsequent improvements—pushing mobilities above 5 x 107 cm?/Vs—that R,, was
effectively quenched and a zoo of additional fractional states emerged [178, 179, 180]. This historical
precedent suggests that the development of FCls is likely to follow a similar trajectory, where
ongoing refinement in materials and device interfaces will be key to achieving fully dissipationless
transport.

In this chapter, we present transport measurements on an optimized tMoTey device that reveals
several new features of the FCI regime, including fractional quantization with negligible R, at
elevated temperatures. To realize such high-quality performance, we sourced bulk MoTey crystals

grown via a horizontal flux technique, which significantly reduces structural disorder. Conductive
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atomic force microscopy performed on these as-grown crystals indicates a two-order-of-magnitude
reduction in defect density compared to commercially available MoTez used in earlier studies [13]
(Fig. 6.1).

Device fabrication was further refined through advanced atomic force microscopy (AFM) clean-
ing procedures, designed to expel buried hydrocarbon residues beyond the active Hall bar region
(Fig. 6.2). The resulting van der Waals heterostructure features a dual-gated architecture with
patterned local gates [13] to simultaneously reduce contact resistance and electrostatically define
sharp sample edges (Fig. 6.3). The MoTey homobilayer is configured in an AA-stacked geometry
with a twist angle of approximately 3.7° (Fig. 6.3), yielding a moiré periodicity conducive to strong

electronic correlations.

Figure 6.2: Contact-mode AFM images after hABN/tMoTes transfer. Progressive removal of bubbles
outside the Hall bar region is shown. Scale bars: 2 pm.

6.1 FQAH Phase Diagram

We explore the fractional quantum anomalous Hall (FQAH) regime through low-temperature trans-
port measurements performed at a base temperature of 10mK. A schematic of the measurement

setup is presented in Fig. 6.3b.
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Figure 6.3: Device geometry and RMCD measurements. a, Optical image of the device with MoTes
flake outlines marked in red; the top gate (T'G) defines the active region. b, RMCD spatial map at
v = —1 and D/eg = 0 shows localized magnetic response within the top-gated region. ¢, RMCD
intensity as a function of v and D/e, taken at T' = 1.6 K and pgH = 5 mT at the position indicated
by the white circle in b.

Figure 6.3c shows the reflective magnetic circular dichroism (RMCD) response plotted against
the moiré filling factor v and the electric field D /eg. The magnetic phase boundaries extracted from
RMCD are consistent with prior studies [11, 53] and delineate a ferromagnetic regime spanning
several fractional fillings.

The corresponding longitudinal and transverse resistances, R, and Ry, are shown in Figs. 6.4a
and b, respectively, as functions of v and D/ey. To minimize the influence of magnetic domain
fluctuations, all transport data were acquired under a weak perpendicular field of pgH = +200mT
and symmetrized /antisymmetrized, respectively.

Near-zero electric fields reveal distinct resistance signatures associated with both integer and
fractional Chern insulating states. Specifically, we observe suppressed or vanishing R, in con-
junction with elevated values of |R,,| at fillings v = —1, —2/3, —3/5, and —4/7, corresponding to
topological states with quantized Hall conductance.

To validate the Chern nature of these phases, we analyze the field-dependent evolution of R, in
Fig. 6.5, where the resistance minima are plotted versus magnetic field pugH and carrier density n.
The trajectory of these minima exhibits linear dependence, characteristic of quantized Chern bands.

Overlaid dashed lines represent expected trajectories based on the Stieda relation, C' = ¢g9n/IB,
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where ¢q is the magnetic flux quantum. The agreement between experiment and theory provides

strong evidence that these states carry Chern numbers C' = —1, —2/3, —3/5, and —4/7.

Figure 6.5: Landau fan of longitudinal resistance. R, plot-
ted versus magnetic field pgH and filling factor v reveals
integer (C' = —1) and fractional (C = —2/3, —3/5, —4/7)
Chern insulators.

Although the overall structure
resembles earlier results [13], the
present measurements exhibit marked
improvements attributed to supe-
rior sample quality. In the earlier
study [13], only the —2/3 FCI phase
was distinctly resolved, and its cor-
responding density plateau extended

over ~ 2.5 x 10" em—2.

In con-
trast, our optimized device reveals
additional fractional states at v =
—3/5 and —4/7, while the —2/3 state

exhibits a much narrower plateau
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width—only ~ 1.25 x 10" cm~2—indicating reduced disorder.

Moreover, enhanced device cleanliness and electrostatic control allow access to previously un-
charted low-filling regimes. At high displacement fields (D/ep > 100mV /nm), we uncover a series
of incompressible, insulating states at commensurate fillings v = —2/3, —1/2, —1/3, and —1/4.
These phases likely arise from interaction-driven charge ordering on the triangular moiré lattice,

particularly in the layer-polarized regime [181, 182].
6.2 Realization of Dissipationless Fractional States

A key observation here is the suppression—and in some cases, complete vanishing—of the longitu-
dinal resistance R, across fractional Chern insulating phases. Figure 6.6a displays line traces of
R, (red) and —Ry, (blue) as functions of filling factor v at fixed electric field D /ey = 0. The data
have been symmetrized and antisymmetrized at pgH = £100mT.

Within the filling range v € [—1.2,—0.9], the longitudinal resistance R,, falls to zero, while
the Hall resistance |Ry,| remains quantized at h/e?, confirming a robust quantum anomalous Hall
(QAH) phase. At fractional filling v = —2/3, R, again completely vanishes, and the Hall resistance
approaches 3h/2e? within 0.3%, signaling a nearly ideal, dissipationless fractional Chern insulator
state.

To take a closer look at these fractional phases, Fig. 6.6b presents a high-resolution sweep of R,
across fractional fillings. Slight deviations from the commensurate value v = —2/3 induce a sharp
increase in R, reaching 10-20kS2, accompanied by a reduction in |R,,| (inset, Fig. 6.6a). This
behavior—where R, decreases rather than increases upon detuning—differs from what is typically
observed in FQH systems and has been consistently noted not only in tMoTey [13], but also in
rhombohedral graphene [143, 183]. Its microscopic origin remains an open theoretical question.

At v = —3/5, R,, displays a pronounced dip to ~ 3kQ, while |R,,| reaches approximately
97% of 5h/3e?, providing further evidence of a fractional Chern insulating state at this filling.
Additional local minima in R,, are also observed at v = —4/7 and —5/9, though these are weaker;
their thermal activation behavior will be discussed in a later section.

As the system approaches v = —1/2, R, rises to ~ 10k, and the Hall resistance transitions
smoothly with doping, trending toward 2h/e?—the expected value for half-filling of a topologically

nontrivial flat band. This linear v-dependence of R, near half-filling mirrors observations in earlier
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studies [13], and is consistent with theoretical expectations for an anomalous composite Fermi liquid

state [54, 55].

To further validate the quantized anomalous Hall character of these states, we performed mag-
netic hysteresis measurements by sweeping the magnetic field at fixed filling. Figures 6.6¢ and
d show representative results for v = —1 and —2/3, respectively. In both cases, clear hysteresis
loops are observed in R, along with quantized plateaus at |R,,| = h/|C|e?, consistent with Chern

numbers C' = —1 and C' = —2/3.

The coercive field, which characterizes the width of the hysteresis loop, exhibits a strong depen-
dence on filling. At v = —1, the coercivity peaks near ~100mT, while it diminishes to ~15mT at
v = —2/3. This doping-dependent evolution is in line with previous studies [13, 11, 53], and reflects
the interplay between interaction strength, magnetic anisotropy, and topological band structure

across the FQAH phase diagram.

6.3 Interplay Between FCI States, Metallic Phases, and Charge Order

Beyond the robust FCI and QAH plateaus, our data unveil several additional transport signatures
that offer insight into competing many-body phases. Figure 6.6a reveals a distinct peak in R, at
v = —3/2, where the longitudinal resistance rises to approximately 10k, and the Hall response
R, vanishes. This peak remains prominent at low magnetic fields and shows negligible dispersion
with increasing field strength. These features are consistent with a topologically trivial, pinned
charge density wave (CDW) phase. At higher fields, the expanding Chern insulator regime near

v = —1 encroaches into the v = —3/2 region, weakening the CDW signature.

Within the intermediate range v € [—0.85, —0.74], both R,, and |R,| decline, with R., ex-
ceeding | Ry |, a hallmark of an anomalous Hall metallic phase [184]. This behavior is attributed
to partial filling of a Chern band, where dissipative transport coexists with finite Hall response.
While R, exhibits a dip across this filling range, RMCD measurements (Fig. 6.3c and Figs. 6.13b)
reveal a smooth, monotonic reduction in magnetization. This contrast underscores the emergence
of a valley-polarized, spin-polarized metallic phase, where bulk conduction dominates even as spon-

taneous symmetry breaking remains intact.



88

60
v
—-075
-0.80
-082
40 + -0.85 -
- -0.90
@ -—-1.00
=
%
®  20f /
WNJ/' \
Wy
0 [ 1L 1 1 1 1
-200 -100 0 100 200
D/e, (mV/nm)
b
30+
hie? \
—_ v
G 20 —-075
= / -0.80
x -0.82
n': \/ -0.85
10+ -0.90
—-1.00
Oy—**w-.»—' ‘ ‘ = ==
-200 -100 0 100 200
Dre;, (mV/nm)
Figure 6.7: Anomalous Hall metal

phase. a-b, Symmetrized R,, (a) and
antisymmetrized —Rg, (b) versus D /e

at selected v.

For v just below —1,

the system remains in a QAH state up
to D/ep ~ 75 mV/nm, but as v in-
creases, it transitions into a ferromag-

netic metal.

The electric field dependence of different FCI states re-
veals further subtleties in their phase stability and associ-
ated lattice symmetry. For the v = —2/3 FCI (Fig. 6.8a),
R;, maintains quantization over a broad range of D /e
near zero field. Upon exceeding a critical field thresh-
old, R, increases sharply and remains elevated across
a wide field window. This abrupt transition signals a
crossover from a hybridized honeycomb regime—where
electrons delocalize between layers—to a layer-polarized
triangular moiré lattice. Continued increase in displace-
ment field eventually suppresses the quantized Hall state,
giving way to a metallic regime, likely reflecting the break-
down of charge order and delocalization of fractionalized

carriers.

In contrast, the v = —3/5 FCI state (Fig. 6.8b) be-
haves differently under electric field tuning. Here, a broad
resistance peak in R,, emerges upon entering the layer-
polarized regime, but unlike the —2/3 state, R, rapidly
declines again at larger | D /eg|, transitioning into a metal-
lic phase (see also Fig. 6.4). This suggests that the un-
derlying charge order associated with the —3/5 filling is

less robust than that of the —2/3 state.

Temperature-dependent measurements and corresponding Arrhenius fits (Figs. 6.8c—e) reinforce

this interpretation, revealing a smaller activation gap for the —3/5 FCI relative to —2/3. These

distinctions underscore how subtle changes in filling, symmetry, and electric field tuning can drive

transitions between distinct many-body phases—including FClIs, charge-ordered states, and ferro-

magnetic metals—within the same moiré flat band framework.
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Figure 6.8: Electric-field dependent phase transition. a-b, Temperature-dependent R, versus
D/ey at v = —2/3 (a) and v = —3/5 (b). Both states show vanishing R,, at low D/eg, signaling
incompressible FCI phases. Increasing |D/gg| induces transitions to insulating and then metallic
regimes. c-d, Arrhenius plots of R, at fixed D/eg for v = —2/3 (c) and v = —3/5 (d), fitted to

Ry o Ryexp(—A/2kpT) to extract activation gaps. e, Extracted energy gaps A versus D /e for
both fillings.

6.4 Temperature Dependence and Energy Gap Extraction of FCI States

To quantify the excitation gaps of various fractional Chern insulator (FCI) phases, we performed
temperature-dependent transport measurements across a wide range of carrier fillings. Figures 6.9a
and b display the evolution of R, and —R,,, respectively, as functions of temperature and moiré
filling factor v. The measurements were symmetrized and antisymmetrized at pugH = £150mT.
Figures 6.9c and d present representative line cuts at selected temperatures. In the quantum
anomalous Hall (QAH) state at v = —1, R, remains notably suppressed at ~5 k(2 even at 14 K—the
upper temperature bound of our dilution refrigerator. Simultaneously, the Hall resistance |Rgy|

stays near 15k(), corresponding to a large Hall angle tan(fy) ~ 3. The thermal robustness of
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Figure 6.9: Temperature evolution of longitudinal and Hall resistances. a-b, Color maps of sym-
metrized R,, (a) and antisymmetrized —R,, (b) versus filling factor v and temperature 7' from 10
mK to 14 K, measured under poH = +150 mT. c-d, Linecuts of R;; (c¢) and Ry, (d) extracted
from panels (a) and (b), respectively, at selected temperatures.

fractional states follows a Jain-like hierarchy with filling factors matching |p/(2p — 1)| for integers
p = 2,3,4. These fractional states persist up to ~5 K, where tan(fz) remains around unity, marking
the upper thermal limit for quantized behavior.

We extract the longitudinal and Hall resistances for the v = —2/3 and —3/5 states and plot
them in Figs. 6.10. For the —2/3 FCI, R, is negligible and |R,,| remains quantized from the base
temperature of 10 mK up to ~2.5 K, showing robust quantization over two decades in temperature.
This stands in contrast to behaviors seen in rhombohedral pentalayer graphene [183], where a
crossover occurs from a fractional Hall state with | R, | ~ %h /e? at 400 mK to a fully quantized QAH

regime at ~40 mK—interpreted as a transition between FQAH and a spin-polarized integer phase.
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Figure 6.10: Thermal activation analysis of FCI states. a, Longitudinal resistance R, (sym-
metrized) and transverse resistance —R,, (antisymmetrized) measured at poH = £150 mT for the
v = —2/3 state. b—d, Corresponding data for the v = —3/5, —4/7, and —5/9 fractional states,
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temperature 1/7 for the four fractional states. The activation gaps A are extracted from fits using
Ry ~ exp(—A/2kpT). Inset shows the extracted gaps for v = —2/3 and —3/5, overlaid with a
guide to the eye illustrating the expected scaling trend.

No such crossover is observed in our twisted MoTes samples, where all FCIs remain topologically
quantized throughout the temperature range examined.

To probe the nature of the excitation gap and its field dependence, we carried out temperature
sweeps at multiple magnetic fields. Figure 6.11a shows R,, as a function of temperature and v
at magnetic fields poH = 0, 0.15, 0.5, and 2T. For each field, we extract the thermally activated
transport gap by fitting R,,(T) to the standard Arrhenius form:

A
R (T) = Rpexp (2k3T> ,

where Ry is a prefactor, A is the energy gap, and kp is Boltzmann’s constant.
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Figure 6.11: Magnetic field dependence of FCI activation gaps. a, Temperature-dependent lon-
gitudinal resistance R, across filling factor v for magnetic fields ygH = 0, 0.15 T, 0.5 T, and
2 T. Dashed lines mark the Curie temperatures T determined from RMCD. b, R,, versus T at
v = —2/3 for each field, showing a decreasing trend in resistance with increasing 7T'. ¢, Arrhenius
analysis of the —2/3 state using R, ~ exp(—A/2kpT); fits show that the slope (and thus the
activation gap A) diminishes with field. d, Extracted activation gaps A as a function of pgH for
both v = —2/3 (red) and —3/5 (blue).
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Our analysis focuses on the v = —2/3 FCI state, for which R,, vanishes over an extended
temperature range, facilitating more reliable fitting. Figures 6.11b and ¢ present the raw R, (T)
traces and the corresponding Arrhenius plots at different fields, respectively. The extracted gap A
exhibits a pronounced dependence on magnetic field strength: at zero field, we find A = (52 +4) K.
This value steadily decreases to ~30K by B =~ 1T, and saturates near 20K at fields exceeding

~4'T, as summarized in Fig. 6.11d.
6.5 Discussion

The observed reduction of the transport gap A with increasing magnetic field reveals a fundamental
difference between fractional Chern insulators (FCIs) and conventional fractional quantum Hall
(FQH) systems. In FQH states, the many-body energy gap typically scales as A o /B [178, 179,
185], due to its inverse dependence on the magnetic length Ip ~ 26 nm/+v/B. In contrast, FCIs are
realized on periodic moiré lattices, where the interaction length is set by the lattice periodicity A,
making their energy scales largely independent of [5 and external magnetic field.

A hallmark of FCIs is the emergence of interaction-driven ferromagnetism that stabilizes their
topological order [11]. This introduces a richer excitation spectrum than in spin-polarized FQH
systems, especially at low fields where spin degrees of freedom are only weakly constrained by
Zeeman energy. Our data show a strong field sensitivity of A at small B, which suggests the
presence of multiple transport channels involving spin-flip (spinful) excitations [186].

Additional insight comes from comparing transport behavior with optical measurements of
magnetic ordering. The dashed curve in Fig. 6.12 and Fig. 6.13 denotes the Curie temperature T¢
extracted from RMCD. For the v = —2/3 state, we find T ~ 4.2 K, well below the transport gap A
estimated from Arrhenius fits. Near T, R, (7) rises sharply and saturates at ~20-30kS for 7" >
Tc, consistent with the breakdown of long-range magnetic order and increased spin fluctuations.

These observations motivate a distinction between three energy scales that govern FCI physics:

e Apcr: the intrinsic charge excitation gap associated with spin-conserving quasiparticles,

e Ag: a spin-flip activation gap, reflecting the energy cost of generating spinful charged exci-

tations,
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e T¢: the magnetic ordering temperature determined by spontaneous valley/spin polarization.

At low magnetic fields, spinful excitations—possibly bound to magnons or involving internal spin
texture—can dominate thermally activated transport. As B increases, Zeeman energy penalizes
such excitations, reducing their contribution and allowing spinless, charge-only quasiparticles to
dominate transport. This transition manifests as a saturation of the extracted transport gap A at
high fields, converging to ~20K (&~ 1.7meV), consistent with prior local magnetometry estimates
using nanoSQUID-on-tip techniques [154], which report ~27 K, and theoretical calculations of the
charge gap [186], which suggest ~3.2meV.

It is important to differentiate transport gaps—associated with the activation energy for dis-
sociating individual charged quasiparticles—{rom *neutral* excitation gaps, which involve bound
quasi-electron/quasi-hole pairs. While transport gaps control the dissipation onset in R,,, neutral
modes such as magnetorotons [187] or spin-wave-like collective excitations [188, 189] may influence
the behavior of R;, and set the temperature scale for quantized Hall transport. These neutral
excitations mediate edge-bulk coupling and contribute to thermal broadening of quantization, even
in the absence of charge dissipation.

A more comprehensive understanding of these excitations—particularly their dispersion and
coupling to lattice or valley degrees of freedom—will require further experimental efforts, including
high-resolution tunneling, microwave spectroscopy, or inelastic light scattering, as well as comple-
mentary theoretical modeling in strongly interacting topological flat bands.

We now examine how the energy gaps of fractional Chern insulators (FCIs) vary with filling
factor. In the fractional quantum Hall (FQH) framework, composite fermion (CF) theory [119]
predicts that excitation gaps scale approximately as 1/(2p+ 1), where p indexes the Jain sequence.
However, establishing quantitative agreement between theory and experiment has proven challeng-
ing [190, 191, 192]. Empirically observed FQH gaps are often substantially lower than theoretical
predictions, a discrepancy typically attributed to finite quantum well width and residual disor-
der [193, 194, 195, 196]. Nevertheless, in ultraclean GaAs quantum wells, recent experiments have
confirmed the expected gap hierarchy with remarkable fidelity [197].

This raises a natural question: do FCIs follow a similar scaling behavior?

In our system, extracting a consistent hierarchy of gaps is complicated by the finite dissipation
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observed in higher-order FCI states. For example, at fillings v = —4/7 and —5/9, R,, remains
appreciable even at the lowest temperatures (Fig. 6.10), which prevents reliable gap fitting using
Arrhenius analysis. As a result, we focus on the more well-developed v = —3/5 state, where
R.. ~ 2.5k at base temperature allows a reasonable estimate of the activation gap.

From high-field data, we extract an energy gap A_3z/5 ~ 6K, compared to A_y/3 ~ 20K (see
Fig. 6.11d). The ratio of these gaps, A_y/3/A_3/5 ~ 3.3, is moderately larger than the 5/3 ratio
suggested by the composite fermion scaling rule. This deviation may reflect enhanced sensitivity to
disorder, lattice effects, or the breakdown of CF assumptions in strongly correlated moiré systems.

Future efforts aimed at improved sample quality—along with more direct probes of excitation
gaps, such as compressibility or chemical potential measurements—will be essential for determining
whether a universal FCI gap-scaling law emerges in the moiré context. As demonstrated historically
in FQH systems, the resolution of fragile fractional states often hinges on eliminating extrinsic
effects. Our results show that twisted MoTes is capable of supporting multiple well-formed FCI
phases, and continued refinement may unlock deeper insight into the interplay between topology,

magnetism, and electron correlations in engineered flat bands.
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Chapter 7

CONCLUDING REMARKS

The central goal of this thesis has been to uncover how strong electron—electron interactions,
when combined with nontrivial band topology, give rise to new quantum phases in moiré transition
metal dichalcogenides (TMDs). Over the course of my Ph.D., I have investigated both bosonic
and fermionic manifestations of correlation, developed novel device architectures and measurement
strategies, and applied these to explore a range of correlated and topological states—from excitonic
lattices to dissipationless fractional Chern insulators.

The first part of this thesis focused on WSes /WSS9 moiré heterobilayers, where interlayer excitons
experience a periodic moiré potential. Using optical spectroscopy, we probed interaction-driven
shifts in excitonic resonances, connecting these to models of bosonic particles in a Hubbard-like
lattice. This provided an experimental framework for studying strongly interacting bosonic systems
in a clean, gate-tunable setting.

The subsequent chapters turned to twisted MoTes bilayers as a platform for realizing fractional
quantum anomalous Hall (FQAH) states. By engineering flat Chern bands and tuning them into
strongly interacting regimes, we achieved the first observation of an FQAH effect at zero magnetic
field. This constituted direct evidence of a fractional Chern insulator (FCI) phase emerging from
purely interaction-driven physics in a lattice Chern band.

To confirm the topological character of these states beyond transport signatures, we employed
cryogenic scanning microwave impedance microscopy to image their edge structure in real space.
This provided the first spatially resolved visualization of fractional edge channels in any condensed
matter system, revealing their confinement and continuity around device boundaries.

The thesis then expanded to explore higher Chern number minibands in twisted MoTes, mo-
tivated by analogies to higher Landau levels. These experiments uncovered interaction-driven fer-
romagnetism and topological behavior distinct from the C' = +1 regime, offering insight into how

band geometry and Berry curvature influence correlated phases.
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Finally, we realized a dissipationless FCI in twisted MoTes, combining robust fractional quan-
tization with vanishing longitudinal resistance. By systematically mapping the activation gaps as
a function of displacement field, filling factor, and magnetic field, we identified both spinful and
spinless quasiparticle excitations, shedding light on the internal structure of the fractional phase.

Taken together, these results present a coherent experimental narrative that links bosonic
and fermionic correlation physics, local and global probes, and integer and fractional topologi-
cal order. In the sections that follow, I will outline the open questions that remain for zero-field
FCIs—ranging from the dynamics of their quasiparticles to the interplay between FCIs and other

correlated phases—and discuss how future experiments might address them.

7.1 Open Questions and Future Directions

The results presented in this thesis establish twisted MoTes as a fertile platform for realizing
fractional Chern insulators (FCIs) and other exotic correlated phases at zero magnetic field. Yet,
many fundamental questions remain, both at the conceptual level and in terms of experimental

verification. In this section, I outline several pressing directions for future investigation.

How Do FCIs Differ Fundamentally from FQH States?

FCIs share many phenomenological features with FQH states—such as fractionally quantized Hall
conductance and anyonic quasiparticles—but they arise from a fundamentally different microscopic
setting. In the FQH regime, electrons occupy perfectly flat Landau levels with translational sym-
metry in momentum space, resulting in uniform Berry curvature and quantum metric. This homo-
geneity simplifies the many-body problem and maximizes the stability of fractional states.

By contrast, FCIs are realized in lattice Chern bands that generally retain finite bandwidth
and exhibit nonuniform quantum geometry. The Berry curvature and quantum metric can vary
strongly across the Brillouin zone, introducing an additional energy scale that competes with elec-
tron—electron interactions. These inhomogeneities can alter excitation spectra, energy gaps, and
change the relative stability of competing phases compared to their Landau-level counterparts.

Another key distinction lies in the breaking of time-reversal symmetry. In FQH systems, this

symmetry is explicitly broken by the external magnetic field. In FCIs—such as those in moiré
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TMDs—time-reversal symmetry is broken spontaneously, often through interaction-driven ferro-
magnetism. This mechanism can lead to different scaling behavior of the many-body gap and
distinct quasiparticle properties.

The lattice setting also offers tuning knobs absent in conventional FQH systems. In moiré
TMD FCIs, an applied displacement field can continuously modify the band structure and Berry
curvature distribution, driving transitions between FCI phases, metallic Fermi liquids, and charge-
ordered states. Furthermore, moiré superlattices can host higher-Chern-number bands with mul-
tiple chiralities, opening the door to correlated phases with no direct analog in a single Landau

level.

In essence, FCIs and FQH states occupy the same topological framework but differ in their
geometric, symmetry, and tunability landscape. Understanding how these differences shape quasi-
particle structure, stability, and phase competition remains an open problem—and addressing it
will be key to both refining the theoretical description of lattice fractionalization and identifying

new experimental pathways for engineering exotic quantum phases in moiré materials.

What is the nature of the zero-Field composite Fermi liquid phase?

Recent theoretical work [54, 55] has predicted the possibility of a composite Fermi liquid (CFL)
phase in half-filled Chern bands at zero magnetic field. In conventional FQH systems, composite
fermions emerge by binding electrons to an even number of flux quanta, effectively neutralizing the
external magnetic field and forming a Fermi surface [22]. This picture is supported experimentally
in GaAs-based 2DEGs through magnetic focusing [198, 199], surface acoustic wave measurements
[120], and antidot lattice resonances [121].

The zero-field case poses a conceptual challenge: in the absence of an applied field, what is the
microscopic mechanism by which holes in a half-filled Chern band bind to vortices? Preliminary
optical spectroscopy in twisted MoTey [200] has shown suppression of photoluminescence helicity not
only in integer and fractional Chern insulators but also at ¥ = —1/2, consistent with a pseudogap
expected for a CFL. Ferromagnetism appears to persist across much of the fractional filling range
—1 < v < —1/3, suggesting a spin—valley—polarized Fermi liquid at half filling. Yet, key questions

remain—such as the role of trion excitations and the relaxation pathways of fractionally charged
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carriers.

Microwave impedance microscopy (MIM) measurements provide an additional clue: a subtle
conductivity dip at ¥ = —1/2 is observed in certain regions of the sample at 7'~ 500 mK. Future
MIM studies at dilution temperatures will be critical for determining whether this feature is an

intrinsic property of a zero-field CFL.

Toward Zero-Field Non-Abelian Anyons

One of the most exciting motivations for studying zero-field FCIs is the possibility of realizing
non-Abelian anyons for topologically protected quantum computation [201]. In such schemes,
quantum information is encoded in the ground-state manifold of a non-Abelian phase and ma-
nipulated through braiding operations, making the system inherently fault-tolerant against local
perturbations.

Analogous to the Moore-Read state at v = 5/2 and the Read—Rezayi state at v = 12/5 in GaAs,
non-Abelian zero-field states could be engineered in twisted MoTe, by two main routes. The first
is to stabilize even-denominator FCIs in higher-Chern-number minibands, as explored in Chapter
5. The second is to emulate bilayer quantum well systems [202] by fabricating two twisted MoTe,
bilayers separated by a thin hBN spacer, thereby creating coupled C' = 1 bands whose half-filled

state may realize a Pfaffian-like phase.

Hybridizing FCIs with Superconductivity

An alternative pathway to non-Abelian excitations is to interface an Abelian FCI with a supercon-
ductor, potentially giving rise to parafermionic bound states [203, 204, 205]. This is particularly
appealing for zero-field systems, where superconductivity can survive without being quenched by
large magnetic fields. In twisted MoTey, one approach is to use Pd contacts that react with Te to
form superconducting PdTe, [206], enabling proximity-induced superconductivity in edge channels.
Achieving this will require careful optimization of interface quality, work function alignment, and
the preservation of topological edge modes under superconducting proximity.

Beyond proximity effects, the idea of anyon superconductivity [207, 208]—where doping away

from a commensurate fractional filling induces a superconducting condensate of anyons—is another
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tantalizing prospect. Recent experiments have hinted at superconductivity in twisted MoTey [209]
and even possible chiral superconductivity with time-reversal symmetry breaking [210], although

these findings require further confirmation and systematic study.
7.2 Final Remarks

In just a few years, twisted MoTes has transformed from a theoretically intriguing proposal to a
leading experimental platform for exploring interaction-driven topological phases in zero magnetic
field. The pace of discovery has been remarkable, supported not only by established techniques
but also by a growing suite of experimental approaches. Ongoing efforts include the application of
scanning single-electron transistors, SQUID magnetometry, diamond-NV magnetometry, terahertz
spectroscopy, angle-resolved photoemission, and millikelvin optics to probe the microscopic prop-
erties of moiré systems with unprecedented resolution. This diversity of perspectives is essential:
each technique reveals a different facet of the underlying physics, and together they provide the
understanding required to tackle the most challenging open questions.

Looking ahead, the convergence of high-quality material growth, precision device engineering,
and increasingly sophisticated local probes promises to take the field into uncharted territory. With
persistence—and perhaps a measure of good fortune—moiré TMDs may yet provide the long-sought
platform that unites all four pillars of condensed matter physics: strong correlations, nontrivial

topology, magnetism, and superconductivity.
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