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ABSTRACT

The past five years have witnessed transformative advances in condensed matter
physics, driven by the convergence of topological band theory, moiré engineering,
and strong electronic correlations. This review synthesizes recent developments in
twisted multilayer systems, topological quantum materials, and strongly correlated
electron systems, with emphasis on magic-angle twisted bilayer graphene, transition
metal dichalcogenide moirés, kagome metals, and quantum spin liquid candidates.
We examine how quantum geometry and Berry curvature have emerged as
fundamental design parameters for exotic phases, including unconventional
superconductivity, correlated insulators, and fractional quantum Hall states. The
interplay of flat bands, strong interactions, and topological protection creates
unprecedented opportunities for realizing and controlling emergent quasiparticles
relevant to quantum information science. We discuss key experimental techniques
angle-resolved photoemission spectroscopy, scanning tunneling microscopy,
quantum transport, and ultrafast optical probes that have enabled these discoveries.
Outstanding challenges include elucidating pairing mechanisms in moiré
superconductors, achieving definitive signatures of quantum spin liquids, and
developing scalable fabrication protocols. This review provides a comprehensive
overview of the current landscape and identifies promising directions for
fundamental research and technological applications.
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INTRODUCTION

Condensed matter physics has entered a new
era characterized by the deliberate engineering
of quantum materials with tailored electronic,
topological, and magnetic properties. The
discovery of topological insulators in the mid-
2000s established that band topology encoded
in Berry curvature and Chern numbers
profoundly influences electronic transport
and surface states.! More recently, the advent
of moiré superlattices, particularly magic
angle twisted bilayer graphene (MATBG),
has demonstrated that twist-angle control
provides a versatile platform for realizing flat
bands, strong correlations, and unconventional
superconductivity.>® Concurrently, kagome
lattice materials have emerged as natural hosts
for Dirac fermions, flat bands, and intertwined
orders,*” while quantum spin liquid candidates
continue to challenge our understanding of
frustrated magnetism and fractionalization.®

These developments share common
themes: the central role of quantum geometry
in determining many body ground states,
the tunability of electronic structure through
external parameters (twist angle, gating,
magnetic field, light), and the rich phase
diagrams arising from competing interactions.
This review synthesizes recent theoretical and
experimental progress across these frontiers,
focusing on work published between 2022
and 2026. We emphasize how advances in
sample fabrication, spectroscopic probes, and
theoretical frameworks have converged to
reveal new quantum phases and to establish
design principles for future materials.

The structure of this article is as follows.
Section 2 introduces the theoretical foundations
of topology, quantum geometry, and strong
correlations. Sections 3-5 examine specific
material platforms: moiré systems, kagome
metals, and quantum spin liquids. Section 6
surveys experimental techniques. Section 7
discusses open problems and future directions,
and Section 8 concludes.

THEORETICAL FOUNDATIONS:
QUANTUM GEOMETRY, AND
CORRELATIONS

TOPOLOGY,
STRONG

1. Topological Band Theory

Topological band theory classifies electronic
band structures according to global invariants

Chern numbers, Z, indices, and winding

numbers that remain robust against smooth
deformations of the Hamiltonian.” Topological
insulators exhibit insulating bulk states but
host gapless surface or edge states protected
by time-reversal or crystalline symmetries. The
quantum Hall effect, quantum spin Hall effect,
and quantum anomalous Hall effect exemplify
topological phases with quantized transport
coefficients.®

Recent work has extended topological
classification to interacting systems, where
electron-electron interactions generate novel
phases without noninteracting analogs.
Topological Mott insulators, fractional Chern
insulators, and topological Kondo insulators
represent interaction driven topological states
that challenge conventional band theory
diagnostics.” These developments underscore
the need for many body theoretical tools and
experimental probes sensitive to fractionalized
excitations.

2. Quantum Geometry and Flat Bands

Quantum geometry, encoded in the
quantum metric tensor, quantifies the distance
between Bloch states in momentum space and
complements Berry curvature in determining
physical observables.! In flat-band systems,
where kinetic energy is quenched, quantum
geometry governs superfluid stiffness, optical
responses, and the stability of correlated
phases. Needham’s 2022 review demonstrated
that the Berezinskii-Kosterlitz-Thoulis (BKT)
critical temperature in two dimensional
superconductors  acquires a  geometric
contribution proportional to the quantum
metric, implying that band geometry can
enhance pairing beyond density-of-states
arguments.'

Flat bands arise naturally in moiré
superlattices, kagome lattices, and frustrated
magnetic systems. The suppression of kinetic
energy amplifies interaction effects, enabling
Mott insulating states, unconventional
superconductivity, and fractional quantum
Hall physics at experimentally accessible
temperatures and magnetic fields.*"

3. Strong Correlations and Emergent

Phenomena

Strongly  correlated electron  systems
exhibit phenomena high-temperature
superconductivity, = quantum criticality,

non-Fermi liquid behavior that cannot be
understood within single-particle frameworks.
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Heavy-fermion compounds, Mott insulators,
and frustrated magnets exemplify systems
where Coulomb repulsion, magnetic exchange,
and lattice geometry conspire to produce exotic
ground states.!!2

The interplay of strong correlations with
topology and quantum geometry is a central
theme in contemporary condensed matter
physics. Doping Mott insulators on frustrated
lattices can yield topological superconductors
with chiral or nematic pairing symmetries.”
Quantum spin liquids, characterized by
long-range entanglement and fractionalized
excitations, represent another frontier where
correlations and topology intersect.®

3. Moiré Engineering and Twistronics

1. Magic-Angle Twisted Bilayer Graphene

Magic-angle twisted bilayer graphene
(MATBG) has become the paradigmatic
platform for moiré physics. When two

graphene layers are twisted by approximately
1.1°, the resulting moiré superlattice exhibits
flat bands near the Fermi level, dramatically
enhancing interaction effects.>®> Experiments
reveal correlated insulating states at integer
fillings and superconducting domes adjacent
to these insulators, with critical temperatures
reaching ~3 K.2

The mechanism of superconductivity in
MATBG remains debated. Proposed pairing
glues include phonons, spin fluctuations,
and unconventional electronic mechanisms
enhanced by quantum geometry.'? Needham
argues that quantum-geometric contributions
to superfluid stiffness may stabilize
superconductivity even when the density of
states is modest, suggesting a route to higher
critical temperatures through band geometry
engineering.! However, the pairing symmetry
whether s-wave, d-wave, or more exotic and
the role of electron-phonon coupling versus
purely electronic mechanisms remain open
questions.

2. Transition Metal Dichalcogenide Moirés

Moiré superlattices formed from transition
metal dichalcogenides (TMDs) exhibit even
richer phase diagrams than MATBG, owing to
strong spin-orbit coupling, valley degrees of
freedom, and tunable displacement fields.'**
Twisted homobilayer TMDs host flat Chern
bands that support integer and fractional
quantum anomalous Hall states, quantum spin

Hall states, and correlated superconductivity.'*

Recent experiments on twisted WSe,
and MoTe, have observed fractional Chern
insulator states at fractional fillings, analogous
to fractional quantum Hall states but without
external magnetic fields." These observations
confirm theoretical predictions that flat Chern
bands with strong interactions can stabilize
topologically ordered states. The tunability
of TMD moirés via twist angle, carrier
density, and displacement field makes them
ideal platforms for exploring the interplay
of topology, correlations, and symmetry
breaking.”®

3. Quantum Geometry as a Design Parameter

A key insight from moiré systems is that
quantum geometry and Berry curvature are
not merely passive descriptors but active
design parameters. Adak et al. emphasize that
moiré platforms enable precise control of Berry
curvature distribution, allowing transport and
optical probes to access Berry-phase effects
directly.”® This tunability opens pathways to
engineer exotic phases such as anomalous
Hall metals, topological superconductors, and
fractional Chern insulators by tailoring band
geometry through twist, strain, and gating.!"

4. Topological Kagome Materials

1. Kagome Lattice and Electronic Structure

The kagome lattice, a two-dimensional
network of corner-sharing triangles, hosts
Dirac points, flat bands, and van Hove
singularities in its electronic structure.** These
features arise from geometric frustration
and sublattice interference, making kagome
materials natural platforms for exploring
the interplay of topology, correlations, and
magnetism.

Recent attention has focused on the AV,Sb,
family (A =K, Rb, Cs), which exhibits charge-
density waves (CDW), anomalous Hall effects,
and low-temperature superconductivity (Tc ~
0.9-2.5 K).>** Angle-resolved photoemission
spectroscopy (ARPES) and scanning tunneling
microscopy (STM) reveal Dirac cones,
flat bands near the Fermi level, and CDW
modulations that break translational and
rotational symmetries.>'®

2. Intertwined Orders and Anomalous Hall
Effects

A striking feature of kagome metals is
the coexistence of multiple orders: CDW,
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superconductivity, and time-reversal
symmetry breaking states that produce
anomalous Hall conductivity.** The origin of
the anomalous Hall effect in AV ,Sb, is debated;
proposed mechanisms include intrinsic
Berry curvature from band topology, orbital
magnetism, and chiral flux phases.'®

Yin et al. provide a comprehensive
review of topological kagome magnets and
superconductors, highlighting how Dirac
fermions, flat bands, and magnetic order
conspire to produce unconventional transport
and thermodynamic signatures.* The interplay
of CDW and superconductivity suggests that
electronic correlations and lattice instabilities
are intimately coupled, reminiscent of cuprate
and iron-based superconductors.>*®

3. Experimental Probes and Open Questions

ARPES and STM have been instrumental
in mapping the electronic structure and real-
space CDW patterns in kagome materials.>'¢
Quantum transport measurements reveal
anomalous Hall conductivity and nonlinear
responses that probe Berry curvature and
orbital magnetism.">'® However, key questions
remain: What is the microscopic origin of the
CDW? Is the superconductivity conventional
or topological? What role do flat bands play in
stabilizing correlated phases?

Future work will benefit from combined
spectroscopic, transport, and theoretical
efforts to disentangle competing orders and to
establish causal links between band topology,
interactions, and emergent phenomena.*>

5. Quantum Spin Liquids and Strongly
Correlated Systems

1. Kitaev Model and Candidate Materials

Quantum spin liquids (QSLs) are exotic
magnetic states characterized by long-range
entanglement, fractionalized excitations, and
the absence of conventional magnetic order
even at zero temperature.® The Kitaev model
on the honeycomb lattice provides an exactly
solvable example of a QSL with emergent
Majorana fermions and topological order.®

Candidate materials for Kitaev QSLs include
spin-orbit-coupled Mott insulators such as
0-RuCl,, NaIrO,, and a-Li IrO,° Matsuda et
al. review experimental signatures consistent
with Kitaev physics: broad continua in inelastic
neutron scattering, half-integer thermal Hall
conductivity, and field induced transitions

to chiral spin-liquid states.® However, real
materials contain non-Kitaev interactions
(Heisenberg exchange, off-diagonal couplings)
that complicate interpretation and may
stabilize magnetically ordered states at low
temperatures.®

2. Heavy Fermions and Quantum Criticality

Heavy-fermion compounds, where localized
f-electrons  hybridize = with  conduction
electrons, exhibit rich phase diagrams
featuring antiferromagnetism, unconventional
superconductivity, and quantum critical
points.”! Yang’s synthesis of heavy-fermion
experiments highlights two-fluid behavior,
two-stage hybridization, and signatures of
fractionalized heavy-fermion liquids that
challenge mean-field pictures."

Quantum criticality the physics of continuous
phase transitions at zero temperature plays a
central role in heavy-fermion systems. Near
quantum critical points, non-Fermi liquid
behavior emerges, characterized by anomalous
power laws in resistivity, specific heat, and
magnetic susceptibility.'? Understanding the
interplay of quantum criticality, topology, and
superconductivity remains a major challenge.

3. Interaction-Driven Topological Phases

Strong correlations can generate topological
phases without noninteracting analogs.
Rachel’s review of interacting topological
insulators surveys topological Mott insulators,
fractional Chern insulators, and topological
Kondo insulators.” These phases exhibit
quantized responses and protected edge states
but require many-body theoretical tools for
classification and characterization.’

Numerical studies on frustrated lattices
indicate routes from correlated magnetic
states to chiral topological superconductivity
through doping.”® For example, doping Mott
insulators on the triangular lattice can stabilize
chiral d-wave or nematic superconducting
states with nontrivial Chern numbers.” These
findings suggest that combining frustration,
strong spin-orbit coupling, and Coulomb
interactions provides a fertile ground for
discovering new topological phases®*?

6. Experimental Techniques and Methodologies

1. Sample Preparation and Fabrication
High-quality sample preparation is essential
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for probing emergent phenomena in quantum
materials. For two-dimensional van der
Waals materials, three primary techniques are
employed: mechanical exfoliation, chemical
vapor deposition (CVD), and molecular beam
epitaxy (MBE)."” Mechanical exfoliation yields
high-quality monolayers and heterostructures
with precise twist-angle control, enabling
moiré physics in MATBG and TMDs,*'*” CVD
and MBE offer scalability and control over
layer thickness and composition but require
optimization to achieve the crystalline quality
necessary for spectroscopic and transport
studies."”

2. Spectroscopic Probes

Angle-resolved photoemission spectroscopy
(ARPES) maps momentum-resolved band
structures, revealing Dirac points, flat bands,
and topological surface states.>” ARPES has
been instrumental in characterizing kagome
metals, identifying band inversions, and
probing quantum-geometric effects.>'®

Scanning  tunneling microscopy and
spectroscopy (STM/STS) provide atomic-
scale spatial resolution of electronic density
of states, superconducting gaps, and charge-
density-wave patterns.>®> STM has resolved
moiré potentials in MATBG, correlated gap
features, and CDW modulations in kagome
materials.>>1

3. Quantum Transport and Hall Measurements

Quantum transport measurements
longitudinal and transverse conductance,
Hall resistance detect topological invariants,
superconducting transitions, and anomalous
Hall effects."*™® Integer and fractional quantum
anomalous Hall states in TMD moirés
have been confirmed through quantized
Hall conductance.* Nonlinear transport
and Berry curvature dipole measurements
probe quantum-geometric contributions to
transport.’

4. Ultrafast Optical Techniques

Ultrafast  optical and  pump-probe
spectroscopies access nonequilibrium
dynamics and enable Floquet engineering
of topological phases.”® Light-induced phase
transitions, photo-induced topology, and
Floquet-Bloch states have been demonstrated
in two-dimensional materials and topological
insulators.’® These techniques offer a means
to control band topology on femtosecond

timescales, opening pathways to dynamically
switchable quantum phases.'®

DISCUSSION: OPEN PROBLEMS AND
FUTURE DIRECTIONS

1. Pairing Mechanisms in Moiré Superconductors

Despite  extensive  experimental and
theoretical efforts, the pairing mechanism in
MATBG and TMD moirés remains unresolved.
Proposed scenarios include phonon-mediated
pairing,  spin-fluctuation-driven  pairing,
and quantum-geometry-enhanced pairing.'?
Distinguishing these mechanisms requires
combined spectroscopic, transport, and
theoretical studies that correlate pairing
symmetry, isotope effects, and quantum-
metric contributions.'?

2. Definitive Signatures of Quantum Spin
Liquids

Candidate  Kitaev  materials  exhibit
signatures consistent with quantum spin
liquids, but definitive proof of long-range
topological order and fractionalized excitations
remains elusive.* Matsuda et al. emphasize that
unambiguous thermal Hall quantization from
Majorana edge modes and direct observation
of non-Abelian anyons are outstanding
experimental challenges.® High-resolution
inelastic neutron scattering, spin-resolved
STM, and thermal transport measurements
will be critical for resolving these questions.®

3. Scalability and Reproducibility

The sensitivity of moiré systems to
twist angle, strain, disorder, and sample

history complicates reproducibility and
interpretation.’>”  Standardized fabrication
protocols, angle controlled  assembly

techniques, and quality benchmarks are needed
to transition from laboratory curiosities to robust
platform science.'” Scalable synthesis methods
such as CVD and MBE must be optimized to
achieve the crystalline quality required for
spectroscopic and transport studies."”

4. Light-Matter Engineering and Cavity
Control

Strongly correlated electron-photon systems
represent an emerging frontier where cavity
quantum electrodynamics and ultrafast optics
are used to engineer effective interactions and
control quantum phases.” Bloch et al. discuss
how strong light matter coupling can modify
electronic correlations, stabilize exotic orders,
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and enable dynamical control of topology.”
Pursuing cavity-assisted and pump-driven
schemes to enhance or induce correlated
phases is a promising direction for future
research.'®"

5. Materials Discovery and Design Principles

Identifying new material platforms that
naturally provide flat bands, strong spin-orbit
coupling, and geometric frustration is essential
for expanding the scope of topological and
correlated  physics.**7 Kagome lattices,
honeycomb lattices, and triangular lattices are
fertile motifs High-throughput computational
screening combined with targeted synthesis
can accelerate materials discovery."”

CONCLUSION

The past five years have witnessed
remarkable progress in condensed matter
physics, driven by the convergence of
topological band theory, moiré engineering,
and strong electronic correlations. Magic-
angle twisted bilayer graphene, transition
metal dichalcogenide moirés, kagome metals,
and quantum spin liquid candidates have
emerged as versatile platforms for realizing
and controlling exotic quantum phases.
Quantum geometry and Berry curvature
have been established as fundamental design
parameters, complementing traditional band-
structure engineering.

Key experimental techniques ARPES, STM,
quantum transport, and ultrafast optics have
enabled detailed characterization of electronic
structure, many-body gaps, and dynamical
responses. However, major challenges
remain: elucidating pairing mechanisms in
moiré superconductors, achieving definitive
signatures of quantum spin liquids, developing
scalable fabrication protocols, and exploiting
light-matter coupling for dynamical control.

Looking forward, the field is transitioning
from discovery to design. Establishing causal
links between engineered band geometry,
topology, and emergent many-body orders
will require integrated theory-experiment
campaigns. Advances in materials synthesis,
spectroscopic  probes, and many-body
theoretical tools will be essential for resolving
outstanding questions and for exploiting
topology and strong correlations in quantum
technologies. The rich phase diagrams and
tunability of moiré and topological materials

position them as leading candidates for future
quantum information platforms, topological
qubits, and Berry-curvature-enabled devices.

REFERENCES

1. B.Needham,“Superconductivity, superfluidity
and quantum geometry in twisted multilayer
systems,” Nature Reviews Physics, vol. 4, pp.
1-15, 2022. DOI: 10.1038 / s42254-022-00466-y.

2. B. A. Bernevig and D. K. Efetov, “Twisted
bilayer graphene’s gallery of phases,” Physics
Today, vol. 77, no. 8, pp. 28-34, 2024. DOL
10.1063/pt.jvsd.yhyd.

3. Y. Hou, “New Phenomena in Condensed
Matter Physics: Topological Insulators and
Twisted Bilayer Graphene,” Highlights in
Science Engineering and Technology, vol. 127,
pp. 1-8, 2025. DOI: 10.54097 / t4jpgz35.

4. ].-X.Yin,B.Lian,and M. Z. Hasan, “Topological
kagome magnets and superconductors,”
Nature, vol. 612, pp. 647-657, 2022. DOI
10.1038/s41586-022-05516-0.

5. Q. Wang, K. Sun, and E. Kaxiras, “Topological
quantum materials with kagome lattice,”
Accounts of Materials Research, vol. 5,
no. 5, pp. 561-572, 2024. DOI. 10.1021/
accountsmr.3c¢00291.

6. Y. Matsuda, T. Shibauchi, and H.-Y. Kee,
“Kitaev Quantum Spin Liquids,” Annual
Review of Condensed Matter Physics, 2025.
DOI: 10.1103/3m4m-3v59.

7. M. Basu, Topological Phases in Condensed

Matter ~ Physics.  Springer, 2023. DOLI
10.1007/978-981-99-5321-9.
8. M. J. Gruber et al., “Exploring

Superconductivity: The Interplay of Electronic
Orders in Topological Quantum Materials,”
arXiv:2405.17036, 2024. DOI: 10.48550/
arxiv.2405.17036.

9. S.Rachel, “Interacting topological insulators: a
review,” Reviews of Modern Physics, vol. 94,
2022. DOI: 10.48550/ arxiv.1804.10656.

10. Y. Zheng and ]. Liu, “Superconductivity and
topological quantum states in two-dimensional
moiré superlattices,” Quantum Frontiers, vol. 3,
no. 1, 2024. DOI: 10.1007 / s44214-024-00063-3.

11. Y. Yang, “An emerging global picture of
heavy fermion physics,” Journal of Physics:
Condensed Matter, vol. 35, no. 10, 2022. DOIL:
10.1088/1361-648X/ acadc4.

12. S.Paschen and Q. Si, “Quantum phases driven
by strong correlations,” Nature Reviews
Physics, vol. 3, pp. 9-26, 2022. DOI: 10.48550/
arxiv.2009.03602.

JBB / Volume 11, Number 1 / January - June 2026



13.

14.

15.

16.

Dharmendra Kumar. Emergent Quantum Phenomena in Topological and Moiré Condensed Matter 41
Systems: Recent Advances and Future Directions

“Topological Chiral and Nematic
Superconductivity by Doping Mott Insulators

on Triangular Lattice,” Physical Review
X, vol. 12, 031009, 2022. DOI: 10.1103/
physrevx.12.031009.

Bohao et al, “Quantum Phases in
Twisted Homobilayer Transition Metal
Dichalcogenides,”  arXiv:2509.07360, 2025.
DOI: 10.48550/ arxiv.2509.07360.

P. Adak et al.,, “Tunable moiré materials for
probing Berry physics and topology,” Nature
Reviews Materials, vol. 9, pp. 481-498, 2024.
DOI: 10.1038/541578-024-00671-4.

M. G. Basafiez, “Electronic properties of
correlated kagomé metals AV, Sb, (A =

17.

18.

19.

K, Rb, and Cs): A perspective,” Journal of
Applied Physics, vol. 131, 231102, 2022. DOL:
10.1063/5.0079593.

Y. Zhang et al, “Two-dimensional van der
Waals topological materials: preparation,
properties, and  device  applications,”
Small, vol. 18, 2204380, 2022. DOI: 10.1002/
sml1.202204380.

C. Bao et al, “Light-induced emergent
phenomena in 2D materials and topological
materials,” Nature Reviews Physics, vol. 4, pp.
33-48, 2021. DOI: 10.1038 /542254-021-00388-1.
L. Bloch et al.,, “Strongly correlated electron-
photon systems,” Nature, vol. 606, pp. 41-48,
2022. DOI: 10.1038/541586-022-04726.

JBB / Volume 11, Number 1 / January - June 2026



