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Polaritonic 2D Meta-Structures

Andrea Alu

Photonics Initiative, Advanced Science Research Center, City University of New York, New York, NY 10031, USA
Physics Program, Graduate Center, City University of New York, New York, NY 10016, USA
Contact Email: aalu@gc.cuny.edu

In this talk, | will discuss our recent progress on the design, modeling, fabrication and characterization both
in near-field and far-field of polaritonic heterostructures featuring strong coupling between light and
material excitations in 2D materials. lby coupling 2D van der Waals materials with engineered photonic
structures, it is possible to enable exotic states of photon-material coupling, featuring extreme anisotropy,
large field confinement, large nonlinearities and tunability. We leverage various forms of material
excitations, from electronic transitions to phonons, from excitons to magnons, to enable the next
generation of metasurfaces and photonic technologies for a wide range of applications.




Spatiotemporal mapping and ultrafast manipulation of THz surface
plasmon polariton propagation

Markus A. Huber
Department of Physics and Regensburg Center for Ultrafast Nanoscopy (RUN),
University of Regensburg, Regensburg, Germany
Contact Email: markus.huber@ur.de

Surface polaritons — hybrid light-matter modes at material interfaces — are widely studied for their strong
field confinement and high propagation velocities, making them ideal for nanoscale waveguide and sensor
applications [1]. While near-field microscopy typically maps polariton propagation in the frequency domain,
real-space detection of broadband-pulse-launched polaritons using interferometric [2] or electro-optic
methods [3,4] (spacetime imaging) can provide new insights into their properties.

Here, we visualize terahertz surface plasmon polaritons (SPPs) in graphene using spacetime imaging

and manipulate their dynamics via ultrafast photoexcitation [5]. A terahertz pulse coupled into

the sharp metallic tip of a near-field microscope launches surface polaritons. Through electro-optic
detection, we extract the electric field profile of SPPs reflected off graphene edges. By analyzing waveforms
at different distances from a graphene edge, we directly trace the spatiotemporal evolution

of the SPP wave packet, revealing its group and phase velocities as well as damping. This enables us to infer
the position and slope of the polariton dispersion within the probed frequency range, even for strongly
damped polariton modes. Our straightforward analysis can be further expanded to full 2D images, mapping
distinct propagation directions at different edges. Time-domain access also allows the investigation of
nonequilibrium dynamics with femtosecond resolution. Ultrafast visible-light photoexcitation transiently
modifies the conductivity of graphene. This enables the subcycle control of the SPP amplitude — much faster
than electrostatic gating — offering a potential new avenue for ultrafast plasmonic logic devices. Beyond
graphene, our approach is readily applicable to a broad range of materials, including anisotropic polaritons
in a-Mo03 and black phosphorus, or topological insulator surface modes, and other systems where electro-
optic sampling of the scattered electric field is feasible.

As an outlook, | will show our most recent breakthroughs in advancing tip-based nanoscopy to new

limits. We demonstrate that NOTE microscopy [6] — a near-field approach reaching atomic resolution
—can be performed with continuous-wave quantum cascade lasers in the mid-infrared [7]. This
advancement sets the stage for all-optical THz and MIR microscopy at the atomic scale. Finally,

we combine atomic spatial resolution with attosecond temporal resolution in scanning tunneling
microscopy driven by phase-controlled near-infrared single-cycle waveforms [8]. This approach

allows us to probe electron dynamics at the ultimate space-time limit.
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Van der Waals Materials for Advanced Nanophotonics: Perspectives and
Challenges

Valentyn S. Volkov
Emerging Technologies Research Center, XPANCEOQ, Internet City, Emmay Tower, Dubai, United Arab Emirates
Contact Email: vsv@xpanceo.com

Van der Waals (vdW) materials are at the core of modern optoelectronics and nanophotonics [1]. Materials
with high optical anisotropy are of great importance in technology and science, yet relatively little research
attention has been devoted to their giant optical anisotropy. While one of the largest birefringences in the
visible and near-infrared intervals (up to 0.8) was reported in the quasi-one-dimensional crystal BaTiS3 [2],
anisotropic nanophotonics requires an optical anisotropy of about 1.5 to fully exploit the advantages of
anisotropic properties [3-4]. Inspired by this challenge, our focus shifted to two-dimensional materials and
their bulk counterparts, vdW materials [5-9]. We demonstrate that the fundamental difference between
strong interlayer covalent bonding and weak interlayer van der Waals interaction leads to unprecedented
high birefringence. These values exceed 1.5 in the infrared and 3.0 in the visible spectral intervals. Thus,
our studies enable a new field of vdW anisotropic nanophotonics. The use of this giant anisotropy leads to
next-generation integrated circuits and optical elements. Specifically, we achieved unmatched lateral
dimensions for vdW-based waveguides with a footprint of only several tens of nanometers. This provides
a unique opportunity to place around 10000 waveguides on a millimeter-scale photonic chip. Such vdW-
based photonic integrated circuits can become a decisive platform for an electronic-to-photonic
replacement, significantly increasing computer data processing capabilities. The idea behind using vdW
materials relies on four distinct advantages. First, they possess a larger optical bandgap compared to
conventional high refractive index materials, enabling smaller operation wavelengths without dissipative
losses. Second, they exhibit some of the largest refractive indices among known materials. Third, their
record-breaking optical anisotropy provides an additional degree of freedom for the design optimization
of integrated photonic elements. Finally, the lithography process leaves vdW materials with dangling
bonds-free surfaces and atomically sharp edges, resulting in minimal scattering losses and high-intensity
nonlinear properties alongside a superior linear response. From a broader perspective, these features are
also highly beneficial for countless optical devices beyond on-chip integration, including resonators,
dielectric mirrors, and waveplates.
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Cavity-altered superconductivity
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Enhanced coupling in cavities facilitates modification of the electronic properties of materials through light-
matter interactions. Theories predict that these cavity effects have the potential to not only generate novel
excited state phenomena, but also to modify ground state properties, opening the possibility for
engineering electronic phases without the need for optical pumping. In particular, multiple proposals
suggest that superconductivity could be modified via cavity coupling. Thin crystals of 2D materials that
naturally act as high-quality cavities allow facile integration of cavity geometries directly into
heterostructures. Here, we place 2D material hexagonal boron nitride (hBN) on the surface of
superconductor k-(BEDT-TTF)>Cu[N(CN),]Br. We demonstrate the resonant coupling of hyperbolic modes
of hBN to phonons within the superconductor. Using the Meissner force measured via magnetic force
microscopy to probe superconductivity, we observe a reduction of superfluid density near this resonant
interface. We discuss experimental constraints on the underlying mechanism for suppressing
superconductivity, and the future possibilities for engineering quantum materials.
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Umklapp Signatures of Commensurate—Incommensurate Transitions in a
Moiré Wigner Crystal

Mauro Brotons-Gisbert
Institute of Photonics and Quantum Sciences, SUPA, Heriot-Watt University, Edinburgh, UK
*Contact Email: m.brotons i gisbert@hw.ac.uk

Transition metal dichalcogenides (TMDs) provide a powerful platform for exploring strongly
correlated electronic phases in two dimensions, owing to reduced dielectric screening, large
effective masses, and electrostatic tunability. In moiré heterostructures, a long-wavelength periodic
potential enables carrier localization and stabilizes generalized Wigner crystal states at
commensurate fractional fillings.

In this talk, | will present experimental evidence that Wigner crystallization in TMD moiré systems
extends beyond simple commensurate ordering. We probe carrier correlations via an excitonic
branch arising from Umklapp—Bragg scattering of repulsive exciton polarons, providing a direct
spectroscopic fingerprint of the underlying electronic order. As the hole density is increased, the
energy splitting between the repulsive polaron and the Umklapp-induced excitonic feature evolves
step-wise, forming distinct plateaus centered at commensurate fractional fillings of the moiré
lattice. These observations reveal a hierarchy of commensurate and incommensurate phases,
consistent with a so-called Devil’s staircase of generalized Wigner crystal states.

I will conclude by discussing the implications of these results for understanding correlated phases
in moiré materials and emergent electronic order.
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Ultra-high and directional THz-confinement in LaAlO3 (LAO) twin-walls

Dr. Javier Taboada Gutierrez
University of Geneva, Switzerland
Contact Email: javier.taboadagutierrez@unige.ch

Super-resolution Control of 2D Quantum Emitters
Ajit Srivastava

Department of Quantum Matter Physics, University of Geneva, Geneva, Switzerland
Contact Email: ajit.srivastava@unige.ch

In transition-metal dichalcogenide (TMD) heterobilayers, lattice mismatch and reconstruction create
localized traps for interlayer excitons, forming quantum emitters with potential as nanoscale sensors of
quantum matter [1]. These dipolar emitters inherit spin—valley selection rules and exhibit narrow linewidth,
stable emission, which is electrically tunable, thus making them excellent charge sensors. To harness their
full potential as multi-point quantum sensors, determining their spatial location and controlling their
emission properties remains a challenge. In this talk, | will present a platform that combines cryogenic
optical spectroscopy with scanning probe microscopy to investigate trapped interlayer excitons in
WSe,/MoSe; heterobilayers. By exploiting conductive AFM tip-based local Stark shift, we achieve super-
resolution localization of emitters separated by only a few tens of nanometers and demonstrate
deterministic control of individual charge states, including trion formation. Time-resolved measurements
further allow us to resolve radiative and non-radiative decay channels, revealing controlled manipulation
of individual exciton dynamics and opening a path toward coherent inter-dot coupling. These results
establish a platform for sensing and trapping individual anyons in semiconducting fractional Chern
insulators [2].

[1] W. Li, et al., arXiv:2111.09440 (2021).
[2] W. Li, et al., Nature 651, 48 (2026
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Broadband Canalization and Multimode Polariton Control in Twisted
Low-Symmetry 2D Materials

Ibrahim Abdelwahab'*, Ugur Karadeniz?, Jialiang Shen?, Zixian Wang3, Arthur McClelland?,
Siyuan Dai?, Yue Luo3, William Wilson?

1 Center for Nanoscale Systems, Harvard University, Cambridge, MA 02138, USA

2 Materials Research and Education Center, Department of Mechanical Engineering, Auburn University, Auburn,
Alabama 36849, USA
3 School of Electronic Science and Engineering, Southeast University, Nanjing, Jiangsu 210096, China
Contact Email: iabdelwahab@fas.harvard.edu

The control and manipulation of light at the nanoscale via polaritons in van der Waals (vdW) materials is
opening transformative opportunities for next-generation nanophotonic devices, with applications ranging
from ultrasensitive sensing to quantum logic. Here, we demonstrate unprecedented control over the
topology and modal landscape of hyperbolic phonon polaritons (HPhPs) in low-symmetry vdW crystals
characterized by unique structural asymmetry and strong in-plane optical anisotropy. Using near-field
nano-imaging, we reveal highly directional, shear-asymmetric HPhP propagation uniquely pinned along the
crystal’s polar axis, a direct consequence of the pronounced off-diagonal permittivity tensor components.
In twisted bilayer structures, we achieved a controllable diverse array of propagation topologies, including
broadband canalization regimes that span an extensive range of twist angles, excitation photon
frequencies, and distinct propagation directions. This broad topological phase space represents a
substantial contrast to previous high-symmetry vdW polaritonic platforms. Furthermore, we demonstrate
efficient excitation and control of higher-order HPhP modes in terraced, small-angle twisted
homostructures of these crystals, enabled by momentum compensation at asymmetric step edges. These
results establish a universally applicable strategy for controlling high-momentum, topologically robust,
multimode polaritonic modes in low-symmetry vdW crystals, unlocking new possibilities for nanoscale
photonic routing, on-chip multiplexing, and dynamically reconfigurable infrared devices.
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Near-Field Optical Defectoscopy: Observation of Conductive Interstitial
Ga Line Defects in 5-Ga;03

Debo HU*, Liyan WANG%, Qing DAI?>

INational Center for Nanoscience and Technology, Beijing, China
2School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai, China
Contact Email: hudb@nanoctr.cn; daiging@sjtu.edu.cn

Lattice defects, which act as topological excitations, critically determine numerous physical properties of
semiconductors, making their non-destructive probing with high spatial and energy resolution
fundamentally important. Scanning near-field optical microscopy (SNOM) uniquely addresses these
requirements, positioning Near-field Defectoscopy (NFD) as a breakthrough application. In this context,
B-Ga,0s;—an ultrawide-bandgap semiconductor with high breakdown voltage, promising for
deep-ultraviolet photodetection and high-power electronics—is often limited by nanoscale line defects
that degrade device performance through elevated leakage currents and reduced breakdown voltages;
these are termed “killer defects.” Yet, their atomic-scale influence remains unclear due to limited
characterization. Here, by employing SNOM-based near-field infrared imaging, we report the observation
of novel conductive atomic line defects in f-Ga,0s nanoflakes. Atomic-resolution imaging combined with
density functional theory calculations identifies these defects as interstitial Ga atoms migrating along the
c-axis. They exhibit a broadband infrared response and quenched cathodoluminescence, indicative of
greatly enhanced local conductivity. This conductivity enables subsurface near-field detection of the
defects and remote excitation of phonon polaritons in a hexagonal boron nitride capping layer. Our
findings reveal the distinct conductive nature of atomic-scale line defects, highlighting the need for their
controlled management during synthesis and fabrication, while also pointing to their potential utility in
nanophotonic applications.
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Reference: Adv. Mater., 2025, 37(27): 2418230. https://doi.org/10.1002/adma.202418230
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Tuesday | June 9, 2026
Session 3: Twistronics & QTM

The Quantum Twisting Microscope: Visualizing Waves in Quantum
Matter

Shahal llani
Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot, Israel
Contact Email: shahal.ilani@weizmann.ac.il

Some of the most fascinating phenomena in nature arise when electrons behave as quantum mechanical
waves that interact with one another. But how can we visualize these electronic waves in action? In this talk,
| will introduce the Quantum Twisting Microscope (QTM) — a novel scanning probe microscope designed to
directly image electronic wavefunctions and energy bands within quantum materials. At its core lies a unique
tip made of an atomically thin van der Waals material, which functions as a quantum interferometer:
electrons tunnel from the tip into the sample at many locations simultaneously, and the quantum
interference between these tunneling paths probes the electronic waves directly in momentum space. | will
present a series of experiments that exploit different modalities of the QTM to visualize electronic
dispersions, phonon spectra, and moiré potentials imaged in real space. In particular, | will show new results
on the interacting electronic states of magic-angle graphene.

Cumulative Phase Diagram of Twisted Bilayer Graphene from Multi-
Device Analysis

Dmitri Efetov
Ludwig Maximilian University of Munich, Germany
Contact Email: dmitri.efetov@Imu.de

This work presents a comprehensive study of twisted bilayer graphene (TBG) based on 18 complete device
datasets, enabling the construction of a cumulative and highly reproducible phase diagram. By aggregating
results across samples, we identify the most robust correlated phases and disentangle intrinsic features
from device-specific variability. Notably, we uncover a previously overlooked metallic phase transition near
filling v = -2 - §, which we associate with a transition into an intervalley coherent (IVC) ordered state.
Beyond mapping the phase diagram, we discuss systematic strategies to improve sample quality and
reproducibility, providing guidance for achieving more consistent and controlled exploration of correlated
phenomena in TBG
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Quantum Geometry and Electronic Interactions in Twisted Bilayer
Graphene

Chun Ning Lau
Ohio State University, USA

Contact Email: jeanielaul@gmail.com

In a flat band system, the charge carriers’ energy-momentum relation is very weakly dispersive. The resultant
large density of states and the dominance of Coulomb potential energy relative to the kinetic energy favor
the formation of strongly correlated electron states, such as ferromagnetism, nematicity, and
superconductivity. The advent of two-dimensional (2D) materials and their heterostructures has ushered in
a new era for exploring, tuning and engineering of flat band system. Here | will present our recent works in
twisted bilayer graphene, including experimental demonstration of the resolution of the paradox of slow
Fermi velocity by quantum geometry, and suppression of superconductivity by in situ tuning of Coulomb
screening. If time allows, | will also discuss our latest results in twisted trilayer graphene.

Towards an Optical Quantum Twisting Microscope

Martin Kroner*, Emre Yazici, Takahiro Uto, Johannes Eberle, Jan Riischkamp, Valentin Kliisener,
Anna Monika Seiler, and Atac Imamoglu
Institute of Quantum Electronics, ETH Zurich, Zurich, Switzerland
Contact Email: mkroner@phys.ethz.ch

The twist angle between layers in van der Waals heterostructures is one of the most important control
parameters governing moiré superlattice physics—particularly the ratio between kinetic and Coulomb
interaction energies. However, these parameters are typically fixed during device fabrication. The
introduction of the Quantum Twisting Microscope (QTM)?! has changed the paradigm of electronic
measurements in vdW materials by enabling precise, in situ control of the twist angle between two halves
of a vdW heterostructure. Extending this concept to optical spectroscopy would open new opportunities
for exploring correlated electronic and excitonic phenomena across continuously tunable twist angles.
Here, | report on our efforts to establish a QTM for optical measurements of the twisted interface. |
introduce our concept for an optical QTM and discuss its experimental properties. Finally, | outline the
physical questions we aim to address and present initial results.

IA. Inbar, J. Birkbeck, J. Xiao, T. Taniguchi, K. Watanabe, B. Yan, Y. Oreg, Ady Stern, E. Berg, and S. llani. The
guantum twisting microscope. Nature, 614(7949):682-687, 2023.
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Session 4: Moiré superlattices — Part |

Probing criticalities in moiré materials with IR and THz light

Frank Koppens
ICFO Barcelona, Spain
Contact Email: Frank.Koppens@icfo.eu

Large-Angle Twistronics in TMD Bilayers

Chih-Kang Shih
Department of Physics, The University of Texas at Austin
Contact Email: Shih@physics.utexas.edu

Twisting two atomically thin layers produces moiré superlattices that dramatically reshape electronic
structures in van der Waals materials. While much of the early focus has been on small-angle systems with
long-wavelength moiré patterns, recent experiments reveal that large-angle twisted bilayers provide an
equally rich and largely unexplored regime of twistronics.

In this talk | will present scanning tunneling microscopy and spectroscopy studies of twisted WSe;
homobilayers across several large twist angles. Three distinct regimes emerge. At a 30° twist, the system
forms a dodecagonal moiré quasicrystal whose electronic states exhibit quasi-Bragg scattering and fractal-
like minibands. Near certain commensurate angles, the bilayer reconstructs into periodic arrays of rotational
domains, producing supermoiré lattices with a dense hierarchy of flat bands.

These results highlight large-angle twisted bilayers as a versatile platform for exploring new quantum phases
and band-structure engineering in two-dimensional materials.

Two-Dimensional High-Tc Superconductivity in Monolayer Cuprates and
Beyond

Yuanbo Zhan
Department of Physics, Fudan University, Shanghai, China

Contact Email: zhyb@fudan.eud.cn

Copper oxide high-temperature superconductors share a layered structure, raising the question of whether
superconductivity can emerge in an isolated monolayer. We investigate the electronic structure of
monolayer Bi-2212 and Bi-2201, demonstrating through STM/STS that the full suite of bulk phases—
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including high-Tc superconductivity, pseudogap, and charge order—persists in the extreme 2D limit. These
results indicate that superconductivity in these materials is essentially a two-dimensional phenomenon.

However, extending this research to other high-Tc material systems is often hindered by extreme
environmental sensitivity. To address this, we have developed an integrated fabrication platform operating
entirely under ultra-high vacuum (with base pressure below 5x10-10 mbar). This system enables the
exfoliation and assembly of atomically clean 2D heterostructures, providing a pristine environment to
explore the next generation of 2D high-Tc superconductors.

Tuesday | June 9, 2026

Session 5: Polaritons in 2D materials— Part Il

Real-space imaging of plasmon polaritons in quasi-freestanding gold
monolayers

Rainer Hillenbrand?2

1 CIC nanoGUNE BRTA and Department of Electricity and Electronics, UPV/EHU, 20018, Donostia-San Sebastidn,
Spain
2 IKERBASQUE, Basque Foundation for Science, Bilbao, Spain
Contact Email: r.hillenbrand@nanogune.eu

Scattering-type scanning near-field optical microscopy (s-SNOM) and nanoscale Fourier-transform infrared
(nano-FTIR) spectroscopy [1] are applied to study a stable, quasi-freestanding gold monolayer (ML-Au)
formed by intercalating gold atoms between graphene and a SiC substrate [2]. Via polariton interferometry,
we obtain clear evidence of plasmon polaritons [3]. From the experimental images, we extract the plasmon
dispersion and model it with a two-dimensional Drude conductivity. The Drude weight is found to be roughly
twice that of bulk gold, consistent with values obtained from DFT band-structure calculations. These results
provide direct insights into the transport and optical properties of monolayer gold and establish it as a
promising platform for fundamental studies and for future optoelectronic applications.

References:

[1] R. Hillenbrand et al., Nat. Rev. Matter. 10, 285 (2025)

[2] S. Forti et al., Nat. Commun. 11, 2236 (2020)

[3] Andrei Bylinkin, Philippe Roelli, Naveen Shetty, Rositsa Yakimova, Ulrich Starke, Camilla Coletti,
Stiven Forti, Alexei Zakharov, Vyacheslav M. Silkin, Samuel Lara Avila, Rainer Hillenbrand, submitted
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Hyperbolic Polaritons and Strongly Anisotropic Optical Response in the
van der Waals Crystal MoQOCl,

Antonio Ambrosio
Center for Nano Science and Technology, Istituto Italiano di Tecnologia, Via Rubattino 81, 20134 - Milano
Contact Email: antonio.ambrosio@iit.it

Van der Waals materials exhibiting strong in-plane anisotropy offer a powerful platform for controlling light-
matter interactions at deeply subwavelength scales without relying on artificial metamaterial architectures.
Recently, the layered crystal MoOClI, has been identified as a natural hyperbolic material supporting unusual
optical responses in the visible and near-infrared spectral range. Its orthorhombic lattice symmetry gives rise
to a strongly anisotropic in-plane dielectric tensor in which the principal components display opposite signs
over a broad spectral window, leading to hyperbolic dispersion of electromagnetic modes.

Here we investigate the optical and polaritonic properties of exfoliated MoOClI, flakes by combining
polarization-resolved spectroscopy with nanoscale optical probing. Optical measurements reveal an extreme
contrast between the two crystallographic axes, corresponding to metallic-like behavior along the
conducting axis and dielectric response along the orthogonal direction. This anisotropic electronic response
originates from a strongly directional electron gas associated with the quasi-one-dimensional electronic
structure of the material.

The hyperbolic dispersion enables the formation of plasmon-polariton modes that propagate along well-
defined crystallographic directions with deeply subwavelength confinement. Near-field nano-imaging
measurements directly visualize these modes, revealing highly directional polariton wavefronts governed by
the biaxial dielectric tensor of the crystal. Complementary polarization-dependent Raman spectroscopy
further highlights the strong coupling between lattice vibrations and the anisotropic electronic continuum,
providing insight into the microscopic origin of the observed optical response.

Our results demonstrate that MoOCI, represents a unique natural platform in which electronic anisotropy,
lattice symmetry, and hyperbolic polariton propagation are intrinsically linked. Such materials provide
promising opportunities for investigating anisotropic electron dynamics and for realizing compact photonic
functionalities based on natural van der Waals hyperbolic crystals.

References

[1] G. Venturi et al., Nature Communications 15, 53988 (2024).

[2] N. Melchioni et al., Giant optical anisotropy in a natural van der Waals hyperbolic crystal for visible
light, ACS Nano (2025).

[3] N. Melchioni, A. Mancini, A. Ambrosio, Hyperbolic polaritons in the van der Waals crystal MoOCl,,
arXiv:2602.01072 (2026)
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Interface engineering of two dimensional materials for high-performance
photodetector

Zhenhua Ni
School of Electronic Science and Engineering, Southeast University, Nanjing, China
Contact Email: zhni@seu.edu.cn

Two dimensional (2D) materials have shown great potential in the application of optoelectronic devices
because of their unique optical and electrical properties. The performance of optoelectronic devices based
on 2D materials is strongly influenced by defects and the interface. In this talk, we will present our results
on interface engineering of 2D materials to improve the performance of photodetectors. By adopting the
interfacial gating effect from lightly-doped silicon(Si)/silicon dioxide (SiO2) interface, we fabricated a
graphene photodetector with both high speed (~400 ns) and sensitivity (~1000A/W). This would improve the
detection limit of Si-based Position-sensitive-detectors (PSD) from uW to nW level. A CVD graphene-based
PSD with working area of 8 mm x 8 mm is further demonstrated, which shows excellent position sensitivity,
fast response and low degree of non-linearity, and extends the operating wavelength to the near infrared
(IR) region (1319 and 1550 nm). Applications of precise angle (5 x 10-6 degree) and vibration frequency (up
to 10 kHz) measurements, as well as the trajectory tracking of a high-speed infrared target (100 km/h), have
been realized based on this device. Benefiting from the high-speed optoelectronic response and sub-
micrometer positional accuracy of the graphene based PSD, multitarget real-time trajectory tracking is also
realized. Moreover, multichannel trajectory tracking and image-distortion correction functionalities are
realized by time-division PSD systems through frequency related image preprocessing, which significantly
improves the capacity of real-time information processing and image quality in complicated light
environments.

Nano-polaritonic Mode Conversions in van der Waals structures

Siyuan Dai
Materials Research and Education Center, Department of Mechanical Engineering, Auburn University, Auburn,
Alabama 36849, USA
Contact Email: sdai@auburn.edu

Polaritons—hybrid light-matter quasiparticles—have emerged as powerful vehicles for confining and
manipulating electromagnetic energy at the nanoscale, offering unique opportunities for extreme light
control across a wide range of van der Waals (vdW) materials. Among these, hyperbolic polaritons are
particularly compelling, spanning multiple energy-momentum dispersion orders with distinct mode profiles
and incrementally high optical momenta. In this talk, | will introduce the mode conversion of hyperbolic
polaritons across different dispersion orders by breaking structural symmetry in engineered vdW structures.
The mode conversion from the fundamental to high-order hyperbolic polaritons is directly imaged using
scattering-type scanning near-field optical microscopy (s-SNOM) in both hexagonal boron nitride (hBN) and
alpha-phase molybdenum trioxide (a-MoOs). Our s-SNOM data, augmented with electromagnetic
simulations, further demonstrate that the polariton mode conversion can be systematically tuned by varying
the geometry of the vdW structures. Nano-polaritonic mode conversion establishes a practical platform for
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integrating different-order polaritons with ultra-high optical momenta, opening avenues for nano-optical
circuits, sensing, computation, information processing, and super-resolution imaging.

Tuesday| June 9, 2026

Session 6: Optical spectroscopy of 2D materials — Part Il

Quantum Nanophotonics with hexagonal boron nitride

Igor Aharonovich
School of Mathematical and Physical Sciences, Faculty of Science, University of Technology Sydney, Ultimo, NSW,
2007, Australia
Contact Email: igor.aharonovich@uts.edu.au

2D materials have emerged as a fascinating building blocks for integrated quantum photonics. In particular,
hexagonal boron nitride (hBN) is an attractive platform as it hosts a variety of robust and bright quantum
emitters. In this presentation | will discuss the photophysical properties of recently discovered quantum spin
defects in hBN and expand on their utility in scalable quantum technologies. | will also show our recent
results on engineering nanophotonic resonators from hBN with an overarching goal to achieve a spin —
photon interface in a nanophotonic cavity. To this extent, | will highlight the challenges and opportunities in
engineering hBN quantum photonic devices and will frame it more broadly in the growing interest with 2D
materials nanophotonics

Spin coherence properties of boron-vacancy centers in ultrathin hBN
layers

J. Tournaud?, T. Clua-Provost?, J. Fraunié?, T. Poirier3, J. H. Edgar3, V. Ivady*, G. Cassabois* C.
Robert?, and V. Jacques'”

1 Laboratoire Charles Coulomb, Université de Montpellier and CNRS, 34095 Montpellier, France
2 Université de Toulouse, INSA-CNRS-UPS, LPCNO, 135 Avenue Rangueil, 31077 Toulouse, France
3 Tim Taylor Department of Chemical Engineering, Kansas State University, Kansas 66506, USA

“Department of Physics of Complex Systems, Eétvés Lorand University, Budapest, Hungary
’Institut Universitaire de France, 75231 Paris, France

Contact Email: vincent.jacques@umontpellier.fr

Spin defects with optically detectable magnetic resonances in hexagonal boron nitride (hBN) are currently
attracting a deep scientific interest for the deployment of quantum sensing technologies on a two-
dimensional (2D) material platform. Among several optically-active spin defects recently discovered in
hBN, the negatively-charged boron vacancy (VB-) center stands out due to its well-established atomic
structure and ease of creation by various irradiation methods. This defect features a spin triplet ground
state whose electron spin resonance (ESR) frequencies can be interrogated by optical means and strongly
depends on external perturbations such as magnetic fields, strain, and temperature. Such properties make
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the VB- center in hBN a promising candidate for the design of a flexible 2D quantum sensing unit, that
could be placed in atomic contact of any type of 2D material within a van der Waals heterostructure.
Despite such appealing prospects, the properties of VB- centers embedded in ultrathin hBN layers still
remain poorly documented. In this work, we investigate the spin coherence properties of VB- centers
embedded in atomically-thin hBN flakes. We show that the spin coherence time T2 is preserved and can
even be slightly improved in ultrathin hBN films despite the nanoscale proximity of the crystal surface that
usually leads to a degradation of the spin coherence properties of solid-state spin defects. This work
provides important insights into the properties of VB- centers embedded in ultrathin hBN flakes, which are
valuable for future developments of foil-based quantum sensing technologies.

TBD

Mete Atatiire
University of Cambridge, UK
Contact Email: ma424@cam.ac.uk

Electrical Brightening of Spin-Forbidden Excitons in 3R-MoS,

Ziliang Ye
Department of Physics and Astronomy, University of British Columbia, Vancouver, Canada
Contact Email: zZlye@phas.ubc.ca

Direct optical excitations in intrinsic transition metal dichalcogenides are dominated by bright excitons
comprising tightly bound electrons and holes with the same spin and momentum. Although excitons
consisted of electrons and holes of opposite spins can exist in TMDs, they have much smaller oscillator
strength and have only been observed through emitted photoluminescence. In this talk, | will show that the
spin-forbidden interlayer exciton can hybridize with the intralayer exciton in rhombohedral-stacked MoS,
and become optically bright in absorption spectra. This hybridization does not require any magnetic field - it
is enabled by the stacking-dependent orbital angular momentum contrast in 3R-MoS,; and can reveal the
stacking configuration. Additionally, the hybridization between intralayer excitons with other interlayer
exciton excited states will also be discussed.
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Light and Molecules at the Nanoscale

Pablo Alonso-Gonzalez

Department of Physics, University of Oviedo, Oviedo, Spain
Center of Research on Nanomaterials and Nanotechnology, CINN (CSIC-Universidad de Oviedo), El Entrego 33940,
Spain
Contact Email: pabloalonso@uniovi.es

Recent experiments have discovered light at the nanoscale (polaritons) exhibiting strongly anisotropic
propagation (hyperbolic) and extreme field confinement in 2D materials, such as a-phase molybdenum
trioxide (a-Mo03) [1]. In this talk, we will demonstrate that this exotic nanolight enables, for the first time,
the visualization of directional-dependent strong coupling phenomena with organic molecules (pentacene)
[2]. To support this claim, we will show near-field images taken by scattering-type scanning near-field optical
microscopy (s-SNOM), which allow to directly corroborate the strong coupling variation as a function of in-
plane angle. This result opens the door to several new applications such as directional sensing or directional
local control of chemical properties at the nanoscale.

Figure - Schematic of the visualization by s-SNOM of strong coupling between polaritons and pentacene
molecules.

References
[1] Ma, W. et al., Nature, 562, 557-562 (2018).
[2] Tresguerres-Mata, A.L.F. et al., Nat. Photonics, 19(11), 1196-1202, (2025).
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Condensation of Exciton-Polaritons in the van der Waals magnet CrSBr

Christian Schneider?!, Martin Esmann?, Paritosh Malik!, Oleksandr Kyriienko?, Bo Han?

nstitut fiir Physik, Carl von Ossietzky University of Oldenburg, Germany
2School of Mathematical and Physical Sciences, University of Sheffield, UK
Contact Email: Christian.schneider@uol.de

Two dimensional materials have emerged as a new and interesting platform for studies of tightly bound
exciton in ultimately thin materials. Meanwhile, various types of 2D- or quasi 2D materials have become
available that feature giant light-matter interactions, charge tunability, and intriguing magnetic and
topological properties. These features can be exploited for implementing novel photonic devices, and for
fundamental, as well as quantum photonic investigations in the framework of cavity quantum
electrodynamics [1].

| will present the implementation of a spectrally tunable open optical cavity in a liquid-helium-free magneto-
optical cryostat [2]. It is ideally suited for the study of magneto-optical phenomena of exciton-polaritons
based on van-der-Waals materials [3,4]. In my presentation, | will specifically highlight the case a CrSBr thin
layer embedded in our cavity. The CrSBr slab forms a Fabry-Perot cavity of low quality factor, which
coherently couples to a high Q-factor open cavity resonance. The resulting system undergoes a transition to
a non-linear regime of polariton condensation, and features a magnetically tunable non-linearity arising from
the interaction with incoherent magnons|[5].

References
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Exploiting and Controlling Lattice Symmetry for Infrared Nanophotonics
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Phonon polaritons enable confinement of infrared light to sub-wavelength scales, making use of the strong
coupling of light to polar lattice vibrations [1]. In highly anisotropic materials like van der Waals crystals such
as a-Mo03, hyperbolic phonon polaritons (hPhPs) allow for the confinement into deeply sub-wavelength
scales, as well as intrinsically directional propagation [2].

In this talk, we present studies aimed at exploiting the named properties of hPhPs. First, we introduce
Hafnium dichalcogenides as a platform for extreme confinement of THz radiation, with measurements
showing polariton wavelengths down to A0/250. We find this confinement as the result of broad reststrahlen
bands in the THz, facilitated by the heavy mass of the involved atoms as well as their large ionic charges.
Then, we show that an increase of the crystal anisotropy allows for the launching of hyperbolic shear
polaritons, enabling even higher intrinsic directionality as well as a frequency-tunable propagation direction
in monoclinic crystals such as bGO. Finally, we demonstrate twisted stacks of a-MoO3 and bGO as a way to
achieve linear directional propagation with constant phase by supporting unidirectional ray polaritons in the
mid infrared.

References
[1] D.N. Basov et al., Science 354, 6309 (2016).
[2] W. Ma et al., Nature 562, 557 (2018).

Ultra-high THz field-confinement @ LaAlO3 twin walls

L.M. Eng'?, J. Wetzel'?, J. Taboada-Gutiérrez3, M. Roeper?, F.G. Kaps?, G. Esposito3, D.
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nstitute of Applied Physics, TUD Dresden University of Technology, Néthnitzer Strafse 61, 01187 Dresden, Germany
2Wiirzburg-Dresden Cluster of Excellence (EXC2147) ctd.gqmat — Complexity, Topology, and Dynamics in Quantum
Matter, Dresden, Germany
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For the last decade, intense research has been carried out to control and
manipulate the flow of light within solids at the nanometer length scale. By
exploiting the opportunities as offer optically anisotropy crystals,
subdiffractional canalization of energy could be reported. All such
phenomena, however, were realized only in artificially stacked and twisted
2D-materials, where light is able to propagate along directions defined by
the stacking.

Fig. 1: SNOM-probed ultrahigh THz field
confinement at LaAlO3 twin walls.

24


mailto:Lukas.Eng@tu-dresden.de

In contrast, we report here on the controlling, steering, and switching of IR-to-THz phonon-polaritons (PhPs)
along ferroelastic twin walls (TWs) in the [001]-oriented distor-ted perovskite LaAlO3 (LAO) (see Fig. 1). TWs
are naturally occurring, crystallographi-cally pure 2D-sheets that separate stress-free two domains of
opposite optical axis orientation through mirror planes. TWs hence form a natural platform for broadband
lateral confinement and canalization of light at the nanometer length scale, without needing any (tedious)
fabrication processes.

We thus experimentally demonstrate here electromagnetic field confinement of better than 260 times the
free-space wavelength and corroborate these findings theoretically with both COMSOL modeling and
applying the analytical dipole model. Moreover, 4 types of TWs are emerging, with always two sets
responding resonantly and non-resonantly at the chosen THz wavelength. In fact, these canalized PhPs can
be easily (de)tuned on one hand from resonance to non-resonance through accurate laser wavelength
adjustment within < 0,1 THz, or on the other hand, as will be experimentally show, through uniaxial
compressive straining of one and the same LAO crystal in-situ.

Engineering the Optical Response of Interlayer Excitons and Phonon
Polaritons Probed by Broadband Optical Spectroscopy

Itai Epstein
Tel Aviv University, Israel

Contact Email: itaieps@tauex.tau.ac.il

Light-matter interactions with nanoscale quasiparticles present significant challenges for achieving efficient
optical coupling. Interlayer excitons (IXs) in bilayers of transition metal dichalcogenides, for example,
typically exhibit weak oscillator strength and reduced radiative recombination due to small wavefunction
overlap arising from the spatial separation of electrons and holes. Surface-phonon-polaritons (SPhPs), on
the other hand, are deeply subwavelength electromagnetic modes with large in-plane momenta, resulting
in weak coupling to far-field radiation. Consequently, achieving strong and controllable light—matter
interactions with such quasiparticles requires the development of new approaches tailored to their unique
physical properties. In this talk, | will discuss our recent demonstration of selective enhancement and control
of the oscillator strength of IXs in bilayer MoS via Purcell engineering of critical coupling, as well as the
realization of scalable nanometric SPhP resonators with very small mode volumes, spanning the mid-infrared
to terahertz spectral ranges
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Optical switching of a moiré Chern ferromagnet

Xiangbin Cai, Haiyang Pan, Weibo Gao
School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore, Singapore
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Optical control offers a non-contact, high-precision and ultrafast route to manipulating quantum material
properties. Fractional Chern ferromagnetic states in moiré superlattices are a promising platform by which
to pursue topological quantum computing, but an effective optical control protocol has remained elusive.
Here we demonstrate robust optical switching of integer and fractional Chern ferromagnets in twisted
molybdenum ditelluride (MoTe2) bilayers using continuous-wave circularly polarized light. Highly efficient
optical manipulation of spin orientations in the topological ferromagnet regime is realized at zero field using
a pump light power as low as 28 nW um-2. Using this optically induced transition, we also demonstrate
magnetic bistate cycling and spatially resolved writing of ferromagnetic domain walls. This work establishes
a reliable and efficient optical control scheme for moiré Chern ferromagnets, paving the way for
dissipationless spintronics and quantized Chern junction devices.

Ref: Xiangbin Cai et al., Nature 650, 580 (2026).

Interplay between Rydberg Excitons and Moiré Superlattices

Yang Xu
Institute of Physics, Chinese Academy of Sciences, Beijing, China
School of Physical Sciences, University of Chinese Academy of Sciences, Beijing, China
Contact Email: yang.xu@iphy.ac.cn

The Rydberg excitons, first discovered in 1950s, are higher-order excited Coulomb bound states of electron-
hole pairs. They are characterized by large spatial extensions and significantly enhanced sensitivity to the
surroundings, holding promise for a wide range of quantum applications. However, their potential remains
largely unexplored. In this talk, | would discuss some new perspectives on studying the Rydberg excitons in
2D semiconductors and their interplay with moiré superlattices. First, | will introduce a recently developed
Rydberg exciton sensing technique for detecting the correlated electronic states in 2D moiré superlattices,
such as the WSe2/WS2 moiré heterobilayer and the magic-angle twisted bilayer graphene (MATBG) [1-3]. In
the latter case, we resolve the correlated Chern insulators (CCls) under finite magnetic fields and unveil their
direct link with the zero-field normal states, the “cascade phenomena” [4], providing experimental evidence
for the so-called topological heavy fermion model for MATBG. Second, | would discuss the observation of
Rydberg moiré excitons, which are strong moiré modulated Rydberg excitons in monolayer WSe2 when
adjacent to small-angle TBG [5]. These Rydberg moiré excitons manifest as multiple energy splittings,
pronounced red shifts, and narrowed linewidths in the reflectance spectra. We attribute these observations
to the spatially varying charge distribution in TBG, which creates a highly tunable and sharp periodic potential
landscape (moiré potential) for trapping and manipulating the large-size Rydberg excitons.

References:

[1] Yang Xu* et al., Nature 587, 214-218 (2020).

[2] Yang Xu et al., Nature Materials 20, 645-649 (2021).

[3] Yang Xu* et al., Nature Nanotechnology 17, 934-939 (2022).
[4] Qianying Hu et al., Nature Communications 16, 9516 (2025).
[5] Qianying Hu et al., Science 380, 1367-1372 (2023).
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An Embodied Al Experimentalist for 2D Quantum Materials and Devices

Sanfeng Wu

Princeton University, USA
Contact Email: sanfengw@princeton.edu

While modern Large Language Models (LLMs) and agentic artificial intelligence (Al) have demonstrated
transformative capabilities in digital domains, the realization of embodied Al capable of real-world scientific
discovery remains a difficult frontier. In this talk, | will introduce Qumus, an Al quantum materials
experimentalist physically embodied within a robotic mini-laboratory. Qumus is an intelligent, multimodal,
and multi-agent system designed for the creation and nano-processing of atomically thin two-dimensional
(2D) materials and stacked van der Waals (vdW) structures.The systems can autonomously navigates the
full scientific cycle, from hypothesis generation and protocol planning to multi-step experimental execution,
result analysis and reporting, acting as an experimentalist. Qumus excels at the experiments by
demonstrating autonomous error correction and closed-loop experimentation in the complex real world.
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Visualizing Emergent 2D Phases with Scanning Quantum Microscopy

Ruoming Peng, J6rg Wrachtrup
3rd Institute of Physics, University of Stuttgart, Stuttgart, Germany
Contact Email: ruoming.peng@pi3.uni-stuttgart.de

Visualization of nanoscale magnetic responses provides direct access to the microscopic mechanisms
governing spin interactions in condensed matter systems. Two-dimensional (2D) materials, with their
tunability and reduced dimensionality, offer a powerful platform for exploring correlated and topological
guantum phases. In this talk, | will present scanning quantum microscopy as a versatile approach for probing
emergent phases in 2D systems. As a first example [1], | will discuss twisted double bilayer Crls;, where
competing magnetic interactions give rise to spontaneous spin textures consistent with Néel-type skyrmions,
with a characteristic length scale exceeding the underlying moiré periodicity. | will then focus on 2D
superconductivity [2], revealing unconventional vortex dynamics in thin-layer 2H—NbSe,. Notably,
pronounced vortex motion persists well below Tc, indicating a highly fluctuating regime governed by the
interplay of thermal activation, pinning, and reduced dimensionality. These results provide direct real-space
evidence of enhanced fluctuation effects in the two-dimensional limit and uncover non-equilibrium vortex
dynamics that are hidden from conventional transport measurements. Together, these studies demonstrate
how scanning quantum microscopy enables real-space access to emergent phenomena in low-dimensional
systems, providing new routes to probe, control, and engineer quantum phases.

References
[1] Wong, King Cho, et al. "Super-moiré spin textures in twisted two-dimensional antiferromagnets."
Nature Nanotechnology (2026)
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[2] Jayaram, Sreehari, et al. "Probing vortex dynamics in 2D superconductors with scanning quantum
microscope." Physical Review Letters (2025)

Quantum sensing and imaging with diamond spins

Ania C. Bleszynski Jayich!*, Sunghoon Kim?, Daipeng Yang?!, Taylor Morrison?, Jeff Ahlers,
Lillian Hughes?, Casey Kim?, Kunal Mukherjee3, Seokmin Lee?, Donghun Lee*
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2 Department of Materials, University of California Santa Barbara
3 Materials Science and Engineering, Stanford University
“Department of Physics, Korea University
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Solid state spin qubits, in particular the nitrogen vacancy (NV) center in diamond, offer a path
towards truly nanoscale imaging of condensed matter and biological systems with sensitivity to
single nuclear spins. Here | discuss our NV-based magnetic imaging experiments as applied to
condensed matter systems, where we have imaged current flow patterns in graphene in order
to reveal the transition from ohmic to electron-collision-dominated flow regimes as well as
fluctuating magnetism in 2D magnets. | will also discuss our progress towards improving the
sensitivity and spatial resolution of NV-based sensing. In particular, | will present our efforts
towards realizing entanglement-enhanced solid-state spin sensors and various many-body
effects that can be realized in a strongly interacting spin ensembles.

Imaging mesoscopic transport in graphene at room temperature

Chaoxin Ding, Marius Palm, Maya Klang, William Huxter, Sophie Kolling, Christian Degen*
Department of Physics, ETH Zurich, Switzerland
Contact Email: degenc@ethz.ch

In this talk, | will discuss application of scanning NV microscopy to image mesoscopic transport phenomena
in graphene at room temperature. After a brief introduction into the technique, | will discuss two recent
experiments aimed at imaging vortex flow in the hydrodynamic transport regimel, and magnetotransport
phenomena in hybrid graphene-metal devices2. | will conclude with an outlook and future prospects of the
technique, including its unique capabilities and limitations.

1M. L. Palm, C. Ding, W. S. Huxter, T. Taniguchi, K. Watanabe, and C. L. Degen, Observation of current
whirlpools in graphene at room temperature, Science 384, 465-469 (2024).

2C. Ding, M. L. Palm, K. Kohli, T. Taniguchi, K. Watanabe, and C. L. Degen, Direct imaging of magnetotransport
at graphene-metal interfaces with a single-spin quantum sensor, arXiv:2511.07181 (2025).
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Novel Magnetisms in vdW Antiferromagnets and Heterostructures

Yong Chen
Institute for Materials Research (IMR) and WPI-Advanced Institute for Materials Research (AIMR), Tohoku

University, Sendai, Japan

Department of Physics and Astronomy, Aarhus University, Aarhus, Denmark
*Contact Email: yongchen@tohoku.ac.jp

We discuss our recent magneto-optical (MOKE) and magneto-transport (tunneling) experiments on stacked
and/or twisted (Moire) structures (both homo and hetero) between vdW/2D layered antiferromagnets such
as Crls (an easy-axis interlayered antiferromagnet) and CrCls (an easy-plane interlayer antiferromagnet and
candidate “XY magnet”), revealing new regimes of magnetism (e.g. emergent interfacial magnetism, various
forms of non-collinear Moire magnetism), with potential spintronic/magnetic and optical/optoelectronic
device applications. Time allows, we may also discuss a magnetotransport experiment in RuCls/Pt
heterostructures, using the proximal spin-Hall metal Pt as a spin injector and detector to probe the
magnetism in insulating RuCls, unveiling a magnetic field induced spin anisotropy in this candidate “quantum
spin liquid” material.

References:

[1] G. Cheng et al. "Emergence of electric-field-tunable interfacial ferromagnetism in 2D antiferromagnet
heterostructures", Nature Communications 13, 7348 (2022)

[2] G. Cheng et al. "Electrically tunable moiré magnetism in twisted double bilayer antiferromagnets"”, Nature
Electronics 6, 434 (2023)

[3] G. Cheng et al. submitted (2026)

[4] H.ldzuchi et al. “Unveiling field-transverse spin anisotropy in the spin liquid candidate a-RuCl; via spin
Hall magnetoresistance”, Newton 2, 100505 (2026)
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Optically Probing Interactions in 2D-Semiconductors
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Owing to their reduced dimensionality, strong Coulomb interactions and exceptional sensitivity to
their environment, excitons in van der Waals materials can be engineered to access novel regimes
of collective phenomena extending far beyond those available in conventional semiconductors. In
this talk, | will discuss several themes from my lab in which we explore how excitons in tunable

2D materials evolve due to (tunable) local interactions, how they are influenced by nanoscale
potential landscapes and how interlayer correlations can be engineered to access strongly correlated
many-body phases.

We will begin by exploring how extreme electrostatic doping in monolayer WSe; enables the
emergence of a previously unobserved many-body exciton, stabilized by interactions with multiple
occupied valleys [1]. Magneto-optical measurements demonstrate that its behavior is governed by
the number of distinguishable Fermi seas coupled to a photoexcited electron—hole pair, pushing
exciton models to their limits and providing new insight into screened Coulomb interactions in 2D
systems. We will then explore how interactions can be engineered by proximizing 2D
heterostructures to ferroelectric domain walls in periodically poled LiNbOs [2]. Here, nanometerscale
electric field gradients at the domain walls induce dipolar exciton confinement. Finally, we

will present a dual moire system with perfect translational and rotational alignment, realized by
employing a twisted hexagonal boron nitride bilayer to simultaneously generate an electrostatic
moire superlattice and separate MoSe; and WSe, monolayers [3]. This electrostatically
programmable platform hosts strongly correlated fermionic phases, interlayer Rydberg trions that
become trapped at the Mott insulating state, and a dipolar excitonic phase — establishing a versatile
system for exploring and manipulating exotic bosonic quantum many-body phenomena.

These results establish excitons in engineered 2D energy landscapes as a fascinating playground
capable of bridging many-body physics, quantum correlations and nanoscale potential engineering,
with promising perspectives for programmable quantum matter platforms.

[1] A. Dijkstra, A. Ben Mhenni et al. Nature Communications 16 (1), 9743, (2025)
[2] P. Soubelet et al., Nature Communications 16 (1), 8735, (2025) and Nano Letters 2, 12842-12850, (2025)
[3] A. Ben Mhenni et al. arXiv 2410.07308 and arXiv:2509.13159, (2025)
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Discovery of phonon-polaritonic skyrmions: Transition from bubble- to
Néel-type

Florian Mangold?, Enrico Bau?, Lin Nan?, Julian Schwab?, Thorsten Golz2, Andrea Mancini?,
Bettina Frank!, Andreas Titt|*> & Harald Giessen*
14th Physics Institute, Research Center SCoPE, and Integrated Quantum Science and Technology Center, University

of Stuttgart, Germany
2Chair in Hybrid Nanosystems, Nano-Institute Munich, Department of Physics, Ludwig-Maximilians Universitdt
Miinchen, Germany
Contact Email: giessen@physik.uni-stuttgart.de

Optical skyrmions constitute an emerging and rapidly developing field in the domain of solid-state physics
and photonics, allowing for control over topological light textures through light-matter interactions.
However, until now their practical application has been severely limited by high inherent optical losses in
plasmonic materials, resulting in the lack of tunability between different topological properties. Here, we
leverage the strong dispersion of silicon carbide (SiC) thin films to realize highly confined surface phonon
polariton (SPhP) skyrmion lattices, which we image for the first time via near-field microscopy. We
experimentally demonstrate topological tuning between bubble- and Néel-type skyrmions, a unique
advantage that polar dielectrics offer over most existing approaches. The ability to control and manipulate
these skyrmion lattices through small changes (<10%) in excitation wavelength allows for tailoring the size
of individual skyrmions by a factor of 4.Tuning topological properties has been a long-standing goal in the
field of optics. Our results expand the tunability of skyrmions in evanescent waves and are a starting point
to investigate other topological features in phononic systems such as merons, skyrmion bags, and other
complex structured light fields. Furthermore, strong light-matter hybridization and nonlinear effects owed
to anharmonicity of the phonons may be observed in the future, possibly leading towards the discovery of
polaritonic skyrmion-skyrmion interactions.
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Fig. 1: Experimental investigation of the transition from bubble- to Néel-type skyrmions.

(a) Formation of photon-polaritonic skyrmion lattices via hexagonal chromium strips on a SiC membrane.
(b) Characterization using s-SNOM.

(c) Skyrmion number density contrast showing the transition from bubble- to Néel-type skyrmions. The
colored line represents the simulated values, while the experimental data points are plotted. The Skyrmion
number density is plotted for two wavenumbers.

Moiré polaritons in electrostatically controlled triangular Hubbard lattices

Alexander Hogele
Fakultdt fiir Physik, Munich Quantum Center and Center for NanoScience, Ludwig-Maximilians-Universitdt Miinchen,
Geschwister-Scholl-Platz 1, 80539 Miinchen, Germany
Contact Email: alexander.hoegele@Imu.de

Moiré van der Waals materials support a plethora of correlated many-body phases on effective triangular
Hubbard lattices. In lattice-incommensurate MoSe2/WS2 heterostructures with a canonical moiré potential
and near-resonant band alignment, the lowest energy optical transitions are dominated by moiré excitons.
Remarkably, the system allows to control the degree of hybridization of excitonic states across the
constituent layers and to define the moiré filling factors of charge carriers by electrostatic means in a dual-
gated field-effect device. In our experiments, we subject moiré excitons to strong light-matter coupling
conditions in cryogenic optical microcavities to form exciton-polaritons. In this polaritonic limit, we tune the
moiré lattice into various regimes of correlated states and observe rich signatures of lattice doping in the
polaritonic spectra. Moreover, we demonstrate cavity-controlled mapping of electron lattice magnetism
onto moiré polaritons. Our results establish moiré van der Waals heterostructures as an outstanding solid-
state platform for studies of correlated phenomena in the presence of strong light-matter coupling and
many-body phases of lattice-ordered excitons, charges and spins.

Engineering Flatbands in a Monolayer Semiconductor with Dielectric
Superlattice

Qinghai Tan*, Weibo Gao
University of Science and Technology of China
Contact Email: tangh@ustc.edu.cn

Semiconductor moiré superlattices provide a powerful platform to explore flatband—driven correlated and
topological quantum states. However, their lack of on—off switchability and limited scalability remain major
challenges. Here we demonstrate a scalable route to tunable flat bands in a monolayer semiconductor
patterned with an artificial dielectric superlattice. Using resonant laser reflectance technology, we identify
robust flat-band signatures and multiple correlated phases, including distinct metallic and insulating states.
The emergence of a possible electron Wigner crystal in the patterned monolayer semiconductor strongly
modifies its exciton dispersion, while the Anderson delocalization reorganizes the density of states and
bandgap opening, which stabilizes new electronic phases. Our results establish patterned dielectric
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superlattices as a versatile and controllable platform for flat-band engineering in semiconductors, opening
new avenues for investigating correlated quantum matter and developing flat-band—based electronic and
optoelectronic devices.
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Quantum Sensing of Moiré Magnetism

Chunhui Du
School of Physics, Georgia Institute of Technology, Atlanta, Georgia, USA
Contact Email: cdu71@gatech.edu

Moiré magnetism featured by stacking engineered atomic registry and lattice interactions has recently
emerged as an appealing quantum state of matter at the forefront of condensed matter physics research.
Nanoscale imaging of moiré magnets is highly desirable and serves as a prerequisite to investigate a broad
range of intriguing physics underlying the interplay between topology, electronic correlations, and
unconventional magnetism. In this talk, | will present our recent work on using nitrogen-vacancy (NV) centers
to perform nanoscale quantum sensing and imaging of magnetic domains and spin fluctuations in twisted
double trilayer (tDT) chromium triiodide Cri3. We show that intrinsic moiré domains of opposite
magnetizations appear over arrays of moiré supercells in low-twist-angle tDT CrI3 [1]. In addition, spin
fluctuations measured in tDT Crl3 reveal two distinct magnetic phase transitions with separate critical
temperatures within a moiré supercell [2]. Our results enrich the current understanding of exotic magnetic
phases sustained by moiré magnetism and highlight the opportunities provided by quantum spin sensors in
probing microscopic spin related phenomena on two-dimensional flatland. Lastly, | will extend my discussion
to briefly present our ongoing efforts on exploring next-generation van der Waals quantum sensing
technologies using color centers beyond NVs [3, 4, 5].

References:

1. M. Huang et al., Nat. Commun. 14, 5259 (2023).
2. S. Li et al., Nat. Commun. 15, 5712 (2024).

3. M. Huang et al., Nat. Commun. 13, 5369 (2022).
4, J. Zhou et al., Sci. Adv. 10, eadk8495 (2024).

5. X. Zhang et al., arXiv:2502.04561 (2025).

Investigating novel quantum materials with NV centers

Kasturi Saha
Indian Institute of Technology, Mumbai, India
Contact Email: kasturis@iitb.ac.in

Nitrogen—vacancy (NV) centers in diamond offer a robust, noninvasive approach to studying emergent
phenomena in novel quantum materials. Leveraging nanoscale magnetic sensitivity and wide-field imaging,
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NV-based quantum sensing enables spatially resolved probing of correlated electronic phases and spin
textures under both ambient and cryogenic conditions. In this talk, | will highlight our recent progress in AC
magnetic sensing using quantum diamond microscopy (QDM). | will further present our investigations into
emergent magnetism in engineered rare-earth—like systems. By combining room-temperature QDM with
SQUID magnetometry, we observe paramagnetic behavior alongside localized ferromagnetic signatures in
core-shell hybrids hosting nanoscale interfaces, consisting of ultra small nanoparticles of silver embedded
inside a crystalline matrix of gold. These results demonstrate how advanced NV magnetometry can elucidate
microscopic mechanisms underlying transport, magnetism, and many-body interactions in next-generation
guantum materials.

Pressure Insensitive Quantum Sensing

Alexander J. Healey, Alan Salek, Brett C. Johnson, Christoper T. K. Lew, Islay O. Robertson,

Kaijian Xing, Jean-Philippe Tetienne, Dougal McCulloch, David A. Broadway
Department of Physics, RMIT University, Melbourne, Australia
Contact Email: david.broadway@rmit.edu.au

Quantum sensing under extreme conditions offers a powerful route to interrogate materials where
conventional probes fail. In particular, extending quantum sensing techniques into the gigapascal pressure
regime promises new insight into phase transitions, emergent order, and critical phenomena in correlated
materials. To date, most experimental efforts have focused on spin defects in diamond, whose remarkable
sensitivity has captured broad interest. However, at elevated pressures these defects often suffer from
degradation of their quantum coherence and optical addressability, ultimately limiting their performance
and applicability in high-pressure environments.

In this talk, | will present a new strategy for quantum sensing at extreme pressures based on optically active
spin pairs hosted in hexagonal boron nitride (hBN). Using a combination of high-pressure spectroscopy and
spin-resolved measurements, we demonstrate that the key spin properties of these defects are, to first
order, insensitive to applied pressure. Crucially, their optical transitions remain stable and well-defined up
to at least 20 GPa, in stark contrast to many existing solid-state quantum sensors.

Beyond their robustness within the hexagonal phase, we show that these spin defects persist across the
structural transition of hBN into the wurtzite phase. This survival across a major crystallographic
transformation opens the door to truly in situ quantum sensing through pressure-driven phase transitions.
Taken together, these results establish hBN spin pairs as a promising and versatile platform for quantum
sensing under extreme conditions, and suggest new opportunities for probing magnetic, electronic, and
structural phenomena deep within the high-pressure phase space of quantum materials.
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Low temperature near-field fingerprint spectroscopy of 2D electron
systems in oxide heterostructures and beyond

34



Julian Barnett?, Konstantin Wirth?, Richard Hentrich?, Yasin C. Durmaz®3, Felix Gunkel*,

Marc-André Rose*, and Thomas Taubner!*,
11. Institute of Physics (IA), RWTH Aachen University, 52074 Aachen, Germany
2 agttocube systems, 85540 Haar, Germany,
3 Department of Physics, Ludwig Maximilians University of Munich, 80799 Munich, Germany
4 Peter Griinberg Institute (PGI-7) and lJiilich-Aachen Research Alliance (JARA-FIT), Forschungszentrum liilich,
52428 Jiilich, Germany
*Contact Email: taubner@physik.rwth-aachen.de

Confined electron systems, such as 2D electron gases (2DEGs), 2D materials, or topological insulators,
show great technological promise but their susceptibility to defects often results in nanoscale
inhomogeneities with unclear origins. Scattering-type scanning near-field optical microscopy (s-SNOM)
is useful to investigate buried confined electron systems non-destructively with nanoscale resolution,
however, a clear separation of carrier concentration and mobility was so far impossible in s-SNOM. Here,
we predict a previously inaccessible characteristic “fingerprint” response of the prototypical LaAlOs/
SrTiOs; 2DEG, and verify it using a state-of-the-art tunable narrow-band laser in mid-infrared cryo-s-
SNOM at 8 K [1]. Our modeling allows us to separate the influence of carrier concentration and mobility
on fingerprint spectra and to characterize 2DEG inhomogeneities on the nanoscale. We show that our
fingerprint spectra are a universal feature and generally applicable to confined electron systems, like
topological insulators or stacked van-der-Waals materials.

[1] J. Barnett et al., Nat. Comm. 16, 4417 (2025).

Polaritonic Fourier Crystals

Min Seok Jang

School of Electrical Engineering, Korea Advanced Institute of Science and Technology ( KAIST), Daejeon, Korea
Contact Email: jang.minseok@Xkaist.ac.kr

Polaritonic crystals, periodic structures where polaritons form Bloch states, enable subdiffractional light
manipulation and enhanced light-matter interaction. In van der Waals materials, polaritons exhibit strong
field confinement and long lifetimes, making them suitable for nanoscale applications. However, traditional
nanostructures experience significant scattering losses at sharp edges, which also induce significant coupling
among hyperbolic polariton modes, limiting the practical implementation of polaritonic crystals. This work
introduces the concept of a polaritonic Fourier crystal, which uses harmonic modulation of polariton
momentum in a pristine waveguide to minimize scattering and intermodal coupling. With scattering-type
scanning nearfield microscope, we measure the nearfield images of polaritonic Fourier crystals based on
hBN and a-MoO3 and correlate them with theoretically predicted polaritonic band structures, where
fundamental Bloch mode exhibits a polaritonic bandgap. This approach provides a new framework for
polaritonic crystals, offering potential for improved light-matter interaction and nanoscale light guiding.
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Near-field mapping of terahertz plasmon polaritons in topological
insulator metaelements with a tunable dispersion
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Collective oscillations of massless charge carriers in two-dimensional materials—Dirac plasmon
polaritons (DPPs)—are of paramount importance for engineering nanophotonic devices with
tunable optical response. However, tailoring the optical properties of DPPs in a nanomaterial is a
very challenging task, particularly at terahertz (THz) frequencies, where

the DPP momentum is more than one order of magnitude larger than that of the free-space photons,
and DDP attenuation is high.

Here, we conceive and demonstrate a strategy to tune the DPP dispersion in topological
insulator metamaterials. We engineer laterally coupled linear metaelements, fabricated from
epitaxial Bi,Ses, with selected coupling distances with the purpose to tune their wavevector, by
geometry. We launch and directly map the propagation of DPPs confined within coupled metaatoms
via phase-sensitive scattering-type scanning near-field nanoscopy, adopting a detectorless
holographic technique.

We demonstrate that the DPP wavelength can be tuned by varying the metaelements

coupling distance, resulting in up to a 20% increase of the polariton wavevector Re(kp) in dimers
and triplets with a 1 um spacing, with reduced losses and a >50% increase of the polariton
attenuation length.

Our results can be adopted to conceive new design strategies for the implementation of Tlbased
architectures, taking advantage of various effects such as resonance line narrowing,

resonance mode-splitting, and cross-polarization conversion, typically observed in coupled
resonator systems. Additionally, we envision that lithographically designed THz metasurfaces
using large-area Tl materials with specific spectral responses could have a significant impact on
far-infrared optoelectronics and nonlinear nanophotonics.
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2Center for Nanoscale Systems, Harvard University, Cambridge, MA, 02138, USA
3Department of Physics, Harvard University, Cambridge, MA, 02138, USA
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Intersubband polaritons (ISPs) in semiconductor quantum wells provide a powerful platform for tunable mid-
infrared photonics, yet their realization in van der Waals (vdW) materials has remained challenging due to
limited carrier density and weak light—-matter coupling. Here, we report the experimental observation of
hyperbolic intersubband polaritons in multilayer WSe, vdW quantum wells enabled by a native-dielectric
charge-transfer doping strategy. By converting the top Wse; layer into a self-limiting tungsten oxide (WOx),
we achieve high-density hole doping (~10'® cm-2), leading to strong intersubband transitions. Using near-
field nano-imaging techniques (s-SNOM), we directly visualize polariton propagation with sub-diffractional
confinement and extract their dispersion, revealing a Type-I hyperbolic behavior with negative dispersion.
Furthermore, the polariton properties can be dynamically tuned via electrostatic gating, and lithographically
defined nanostructures demonstrate confined hyperbolic modes and resonance behavior in nanoresonators.
These results establish vdW multilayer quantum wells as a versatile and highly tunable platform for
integrated mid-infrared nanophotonics, enabling applications in polaritonic circuits, detectors, and compact
light sources.
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Carrier-envelope phase control of ultrafast photocurrents in 2D transition
metal-dichalcogenides

Alexander Holleitner
Walter Schottky Institute and School of Natural Science, Technical University of Munich
Contact Email: holleitner@wsi.tum.de

The control of electron dynamics on attosecond to femtosecond timescales using the electric field of light has
opened new directions for ultrafast electronics, enabling carrier dynamics to be manipulated on the same
timescale as the optical waveform itself. In this presentation, | demonstrate carrier-envelope-phase (CEP)-
controlled photocurrents in mono-, bi-, and tri-layer MoS, driven by few-cycle laser pulses. The photocurrent
in the investigated two-terminal devices scales quadratically with the field amplitude, indicating perturbative
carrier dynamics in the weak-field regime distinct from strong-field tunnelling. Our results extend light-field-
sensitive current control from bulk dielectrics, semiconductors, and graphene to two-dimensional transition-
metal dichalcogenides, highlighting their potential for electric field sensitive optoelectronics [1].

| gratefully acknowledge financial support by the DFG via the excellence clusters Munich Center for Quantum
Science and Technology (MCQST) and e-conversion.

[1] J. Schmuck, B. Sinz, N. Pettinger, S. Zherebtsov, A.W. Holleitner, accepted for publication,
arXiv:2511.08148 (2026).

Coherence and symmetry aspects of tip-enhanced Raman spectroscopy
applied to 2-dimensional materials

Ado Jorio*, Rafael Nadas, Jane E Guimaraes, Diego Sier, Maria Alice Paularie, Vitor AF Torres,
Vitor Monken, André G Pereira, Raul Correa
Physics Department, Univ. Federal de Minas Gerais, Belo Horizonte, MG 31.123-970, Brazil
Contact Email: adojorio@fisica.ufmg.br

Recently we have demonstrated different applications of tip-enhanced Raman spectroscopy [1], including
studies on substrate-related optical activity in transition metal dichalcogenide [2], contaminations in MoSe;
[3,4], tellurium nanowires of different diameters [5], collagen fibrillogenesis [6] and even the optical
properties of cicada wings [7]. The various results pointed to an unexpected high efficiency of our bottom-
illuminated radially polarized system based on the plasmonic bi-cavity nanostructure of our tip [8]. With this
understanding in place and further developments in TERS theory, including coherence and symmetry aspects
[9], we provide quantitative analysis for defects and contaminations in 2D systems. We also rationalize the
anomalous tip-sample distance behaviour [10] observed in graphene at ambient conditions.
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Tuning the non-linear interactions of hybrid interlayer excitons in bilayer
MoS; via electric fields

Mathias Federolf!, Alexander Steinhoff?, Monika Emmerling’, Matthias Florian3, Simon Betzold?,
Christian Schneider? and Sven Hofling?
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2 Institut fiir Physik, Carl von Ossietzky Universitét Oldenburg

3 Department of Electrical Engineering and Computer Science, University of Michigan
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Nonlinear interactions between excitons in two-dimensional materials are central to emerging quantum and
optoelectronic phenomena, yet achieving in-situ control over their interaction strength remains a key
challenge. In this work, we investigate hybrid interlayer excitons in bilayer MoS2 and investigate their
nonlinear behavior via externally applied electric fields. By probing excitation-density-dependent energy
shifts through optical reflectivity measurements, we directly observe a pronounced blueshift associated with
exciton—exciton interactions.

Applying an out-of-plane electric field polarizes the hybrid excitons, controlling their dipolar character and
thereby their dipole-dipole interactions. This results in a significantly larger nonlinear response compared to
the zero-field case. Complementary microscopic many-body modeling reveals that the observed behavior
arises from a delicate balance between repulsive dipolar interactions and competing attractive contributions
such as screening and exchange effects. The external field selectively amplifies the dipolar term, enabling
control over the net interaction potential. Our findings underline that bilayer MoS; is a versatile platform for
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engineering strong and tunable excitonic nonlinearities beyond density-based control. The results are
promising for future development of electrically controlled excitonic devices and provide a foundation for
future studies of correlated excitonic phases and polaritonic systems.
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Figure 1 Reflectivity contrast measurements at 1 V gate voltage a local electric field at the bilayer of roughly
0.1 V/nm. The A exciton resonance X" is at 1.93 eV, while the hybrid interlayer exciton X" splits into a lower-
(L) and higher (H) energy state. Extracted density dependent energy shifts of the A exciton, the lower and
upper hybrid interlayer exction.

Unconventional heat transport phenomena in 2D materials
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Conventional heat transport occurs through diffusive transport governed by Fourier’s law, where in metals
heat is usually carried by electrons, while in semiconductors it is usually carried by phonons. In the past, we
have observed non-diffusive electronic heat transport in graphene in the Dirac fluid regime, where heat
transport is highly efficient [1]. In this talk | will show two additional observations of unconventional heat
transport in 2D materials: a novel, non-diffusive “hydro-thermoelastic” phonon heat transport regime in the
2D transition metal dichalcogenide materials MoSe, and MoS,, and heat transport dominated by phonons
rather than by electrons in the 2D metallic MXene TizC,T.

We have recently developed a novel experimental technique to follow heat diffusion in thin films directly in
space and time with sub-10 nm and sub-200 fs resolution, respectively. Applying this technique to suspended
flakes of MoSe,, MoS,;, WSe; and WS, with a thickness around 15 nm gives diffusivities that agree well with
both experimentally obtained thermal conductivities in literature and our own ab-initio calculations of the
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thermal diffusivities of these materials [2,3]. For these flakes, heat transport conventionally follows Fourier’s
law of diffusion, with diffusivities that match the known thermal conductivities of these materials.

Interestingly, we observe the occurrence of highly viscous heat transport, with ultra-low diffusivities, for
ultrathin suspended MoSe; and MoS; flakes at room temperature [4]. We attribute this observation to a
combination of hydrodynamic and thermoelastic effects, which constitutes a novel “hydro-thermoelastic”
regime of non-diffusive transport. We developed a mesoscopic model of these combined effects, which
accurately predicts the experimental results. Strikingly, the thermal flux due to hydro-thermoelastic effects
does not point from hot to cold regions, but from cold to hot regions, thus opposing the thermal gradient.
The identification of unconventional, non-diffusive heat transport at room temperature opens up interesting
new pathways towards thermal management and thermoelectric energy generation based on ultrathin
layered semiconductors.

We have also very recently used spatiotemporal measurements to study heat transport in single flakes of the
2D MXene TisC,Tx with a thickness of several tens of nm [5]. This is a metallic material with a relatively large
charge conductivity of up to 10° S/m [6]. Interestingly, we find that the thermal diffusivity is significantly
higher than what is expected based on the charge conductivity, which points to a significant contribution of
phonons — in addition to electrons — to heat transport in this metallic material. This is relevant for several
potential applications of MXenes.
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Imaging Meissner effects in graphene superconductors
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The expulsion of magnetic flux, known as the Meissner effect, is the key thermodynamic property that
distinguishes the superconducting state from that of a ballistic metal. While the detection of Meissner effects
is part of the standard toolkit for characterizing three—dimensional (3D) superconductors, for two—
dimensional (2D) superconductors the magnitude of the screening current is strongly suppressed. Indeed, in
low density 2D superconductors such as moire and rhombohedral graphene, Meissner effects have not to
be directly observed, with zero resistance and tunneling spectra constituting the typical experimental
evidence for superconductivity. | will describe the observation of the Meissner effect in rhombohedral
graphene superconductors, realized via direct imaging of the static fringe magnetic field in a millikelvin
scanning nanoSQUID microscope. In our few-micron samples, the onset of superconductivity manifests as a
diamagnetic response that screens only ~100 ppm of the applied magnetic field. Tracking the evolution of
the resulting nanotesla-scale fields in real space allows us to observe the entry of superconducting vortices
and map the local superfluid stiffness, p_s. Correlating fringe field signals from both Meissner screening and
magnetically ordered states, we show that superconductivity onsets in the midst of a continuous quantum
phase transition to a canted spin ferromagnet. Within the superconducting state, we find the temperature
dependence of ps to be incompatible with isotropic Bardeen-Cooper-Schrieffer theory and the zero-
temperature stiffness pso to be linearly proportional to T, constraining future theoretical models of
superconductivity in this system

Imaging spintronic functionalities in atomically thin antiferromagnets

Brian B. Zhou
Department of Physics, Boston College, Chestnut Hill, MA, USA
Contact Email: brian.zhou@bc.edu

Atomically thin antiferromagnets represent a compelling platform for energy-efficient information
processing by combining enhanced electrical and interfacial tunability with intrinsic ultrafast dynamics.
However, their absence of bulk magnetization, leading to the indistinguishability of Neél states, presents
challenges to their characterization. Here, we leverage scanning nitrogen-vacancy (NV) center
magnetometry to uncover unique spintronic functionalities in the layered antiferromagnets CrPSs and CrSBr.
We resolve nominally degenerate even-layer states in few-layer CrPS, through a minute surface
magnetization. This visualization elucidates a lateral exchange bias due to interfaces between regions of
different layer number, enabling reconfigurable antiferromagnetic domains and geometric control over
magnetization reversal [1]. Secondly, moving beyond conventional spin-filter tunneling, we introduce a novel
architecture for magnetoresistance in CrSBr by harnessing space-charge-limited, hopping conduction both
across and within layers [2]. We realize a 2D spin transistor that features electrical switching at arbitrary
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magnetic fields, gate-tunable magnetoresistance and multilevel conductance through electrically controlled
domain wall motion. These advances highlight the powerful perspective of nanoscale magnetic imaging
towards engineering 2D spintronic devices beyond conventional limits.
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Accessing and tuning the magnetization on a monolayer level in the van
der Waals magnet CrSBr
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In the 2D semiconductor CrSBr the magnetization is coupled to the electronic transitions and can be read
out in optical emission and absorption experiments. Individual layers with ferromagnetic order are coupled
antiferromagnetically among each other. Antiferromagnets hold great promise for applications in memories
and optics [1], so our target is to understand the magnetic order on the level of a single monolayer and be
able to tune the interlayer coupling. We show that the switching in a multilayer device from anti- to
ferromagnetic order can be resolved layer-by -layer by monitoring the excitonic transitions [2].

In a twisted (~3°) bilayer of CrSBr we demonstrate the emergence of robust magnetic hysteresis. A two-
sublattice model captures this behavior, attributing it to the twist induced modification of interlayer
exchange that stabilizes both parallel and antiparallel spin configurations across a broad field range.
Remarkably, the system exhibits coherent averaging across the moiré supercell, yielding an effective
monodomain response characterized by switching into the antiferromagnetic state, rather than forming spin
textures or fragmented domains, as can be seen by the well-defined hysteresis in the figure [3].
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a Magnetic field dependent exciton energy measured via
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2D Organic-Inorganic Unlocks Nanoscale Photoferroelectrics

Yu Zhong Hu'*, Hong Jin Fan?, Lee Pooi See?, Kui Yao?
1 Norwegian University of Science and Technology, Norway

°Nanyang Technological University, Singapore
3Institute of Materials Research & Engineering, Singapore
*Contact Email: huyuzhongl@gmail.com

Ferroelectric semiconductors are materials with switchable spontaneous electric polarization and robust
semiconducting properties. The crosstalk between these two promises ferroelectric semiconductors as logic
photoelectric devices. However, as semiconductor technologies advance toward the nanoscale, achieving
stable ferroelectric and photoelectric performance becomes quite challenging. Conventional ferroelectric
oxides exhibit large bandgaps and severely deteriorated ferroelectricity in ultrathin form, while
ferroelectricity in many 2D materials originate from interlayer coupling, existing only in specific layer
numbers and stacking configurations. The associated challenging fabrication and high-cost synthesis render
mass industrial production impossible. Materials with easy processing feature and robust nanoscale
ferroelectric semiconducting properties are highly sought after yet remain scarce.
Here, we present a series of research focusing on 2D organic—inorganic hybrid ferroelectrics (OIHFs) with
features of solution-processable synthesis, strong ferroelectric bulk photovoltaic effects, switchable
polarization, narrow bandgaps, and robust photoelectric behavior down to the monolayer limit. These
results establish 2D OIHFs as practical and high-performance candidates to address above major issues of
ferroelectric semiconductors. Additionally, we discussed the Hecht equation, which is widely employed to
estimate photoelectric robustness of bulk photoelectric system but cannot be used in nano-system due to
scale change. We develop nano version Hetch equations with demonstrated applicability to various
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materials system at the nanoscale, providing a powerful theoretical tool to estimate the photoelectric
robustness of ferroelectric semiconductor at nano-regime.
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A new twist on conductive AFM: cryogenic tunneling microscopy of van
der Waals
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Scanning probe microscopy techniques have been indispensable in unraveling the rich physics of van der
Waals materials. Yet mapping ground-state electronic structures over large fields of view, in gated devices
on insulating substrates or through phase-transitions remains a persistent challenge.

Here we demonstrate cryogenic conductive atomic force microscopy (CAFM) as a platform for tunneling
microscopy and spectroscopy with nanoscale resolution through two experiments. First, we image atomic
defects in monolayer graphene on hexagonal boron nitride, resolving their local electronic signatures
through spatially resolved tunneling spectroscopy. Second, we turn to moiré materials, where relevant
electronic textures can span few nanometers up to hundreds of nanometers — length scales that are readily
accessible by CAFM. Focusing on minimally twisted mono-bilayer graphene, we image electronic resonances
at structural domain walls and confinement of electronic modes within domains, demonstrating that domain
wall scattering plays a role beyond a perturbative correction. Together, these results establish low-
temperature CAFM as a powerful and versatile addition to the scanning probe toolkit for van der Waals
quantum materials.
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Atomic Relaxation, Structural Reconstruction, and Emergent Electronic
Textures in Twisted 2D Layers

Adina Luican-Mayer
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Atomic relaxation in twisted 2D materials stabilizes distinct stacking domains, replacing the uniform moiré
potential with a landscape governed by domain size, reconstruction-induced textures, and emergent length
scales. How this landscape shapes the local electronic structure, however, remains largely unexplored. In
this talk, | will present scanning tunneling microscopy (STM) and spectroscopy (STS) studies of relaxation and
reconstruction in twisted transition metal dichalcogenides (TMDs) and graphene, focusing on how these
structural landscapes give rise to spatially modulated electronic states.

In the first part of the talk, | will focus in twisted WS; bilayers. In the case of marginal twist near 0°, atomic
relaxation drives the formation of periodic ferroelectric domain wall networks with reversible local response.
This reconstructed landscape acts as a tunable electrostatic potential. We demonstrate that when graphene
is placed on top, it experiences a spatially varying environment that enables local modulation of the Fermi
level. For twist angles near 60°, we observe signatures of flat bands and investigate how atomic relaxation
reshapes the electronic structure.

In the second part, | will focus on twisted multilayer graphene. Starting from monolayer graphene marginally
twisted with respect to a bilayer, we resolve the resulting stacking configurations and their electronic
signatures. In the case of helical twisted trilayers, these systems evolve into increasingly complex moiré
patterns, where chiral stacking sequences give rise to rich electronic textures.

Tuning magnetic properties of graphene moiré heterostructures by
proximity-induced spin-orbit coupling

Hryhoriy Polshyn
Institute of Science and Technology Austria, Klosterneuburg, Austria
Contact Email: hryhoriy.polshyn@ist.ac.at

Narrow bands in graphene moiré heterostructures can host magnetic electronic states in which electrons
become spontaneously valley-polarized due to strong electronic interactions. These magnetic states include
both gapped states at integer superlattice fillings that manifest the quantized anomalous Hall effect (QAHE),
and metallic states that exhibit the anomalous Hall effect (AHE) at intermediate fillings. A ubiquitous feature
of such magnetic states is the presence of magnetization reversal points, where the magnetization changes
sign as a function of chemical potential, displacement field, or other control parameters. Such reversal points
enable non-volatile electrical manipulation of the magnetic states, providing a useful control knob for
potential devices based on AHE or QAHE phases.

Proximity-induced spin—orbit coupling provides a promising route to engineer the magnetic properties of
graphene moiré systems, as it controls the interplay between the orbital and spin contributions to the
magnetization. | will present a systematic study of gapped and metallic ferromagnetic states in twisted
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monolayer—bilayer graphene (tMBG) devices proximitized with WSe,. | will discuss the details of the onset
of the quantized anomalous Hall plateau in these devices. Finally, | will examine how proximity-induced spin—
orbit coupling affects non-volatile electrical switching in this system.

Temporal Coherence of Interlayer Excitons in TMDC Heterobilayers

ibrahim Sarpkaya
Bilkent University UNAM — National Nanotechnology Research Center, Ankara 06800, Turkey
*Contact Email: sarpkaya@unam.bilkent.edu.tr

Semiconducting transition-metal dichalcogenides (TMDCs) and their van der Waals heterostructures have
been intensively studied over the last decade. Due to their long spontaneous emission lifetimes, permanent
electric dipole moments, and tunable light-emission characteristics, interlayer excitons (I1Xs) formed in TMDC
heterobilayers have great potential as primary candidates for advancing valleytronic, optoelectronic, and
guantum photonic devices. However, some open questions regarding their temporal coherence and the
nature of the interaction between their two spin states remain. In this talk, | will first discuss our recent work
on the effect of moiré potentials on the temporal coherence properties of IXs!. Then, | will discuss the
coherent coupling between two spin states of the IXs and demonstrate the quantum beat pattern as a
signature of this coupling?.

1. Durmus et al. Prolonged dephasing time of ensemble of moiré-trapped interlayer excitons in WSe2-
MoSe2 heterobilayers. npj 2D Mater Appl 7, 1-8 (2023).

2. Durmus, M. A. & Sarpkaya, I. Quantum Beats between Spin-Singlet and Spin-Triplet Interlayer Exciton
Transitions in WSe2—MoSe2 Heterobilayers. Nano Lett. 24, 5767-5773 (2024).
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Even-denominator interferometry in bilayer graphene
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Anyons are quasiparticles that obey exchange statistics distinct from those of fermions and bosons. Such
particles can emerge in fractional quantum Hall (FQH) systems, providing a platform for exploring exotic
topological phases of matter. In this talk, | will present our group’s recent efforts to investigate anyons in
bilayer graphene-based van der Waals heterostructures. | will first briefly review the fractional quantum Hall
phase space in bilayer graphene, which hosts a remarkably rich landscape of topological orders, including
candidate non-Abelian states [1]. | will then give an overview of the interferometry experiments in our group,
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at both odd- and even-denominator filling factors, designed to probe the exchange statistics of Abelian and
non-Abelian quasiparticles [2—4].
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Optical control of many-body electronic phases in atomically thin
materials

Tomasz Smolenski
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Understanding and controlling strongly correlated many-body systems is one of the central challenges in
modern condensed matter physics. Among the most promising experimental platforms for exploring this
frontier are van der Waals heterostructures based on transition metal dichalcogenide monolayers. These
structures uniquely bridge the gap between conventional quantum materials and cold-atom quantum
simulators, by combining the functionality of the former with the tunability approaching that of the latter.

In this talk, | will review our recent low-temperature magneto-optical investigations of collective electronic
phases in these structures. In the first part, | will demonstrate the formation of novel optical excitations
arising from collective excitations of electronic Wigner crystals [1]. In the second part, | will focus on
twisted MoTe2 bilayers, where strong interlayer hybridization gives rise to flat topological valence bands
supporting robust ferromagnetic metals as well as fractional and integer Chern insulators. | will show that
the spin state of all these topological ferromagnets can be dynamically reversed by illuminating them with
circularly polarized light, paving the way for all-optical generation of programmable topological circuits [2].
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Fractional quantum Hall effect and superconductivity are two famous examples of emergent quantum
phenomena driven by electron topology and correlations. They usually happen in very different materials
and experimental settings. In this talk, | will discuss how they can be unified in one crystalline material,
known as rhombohedral graphene. More than being hosted by the same materials, the settings challenge
the conventional understandings of these phenomena: the fractional quantum Hall effect happens at zero
magnetic field, while the superconductor behaves as a spin and orbital magnet. | will also discuss the
implications of these phenomena in the context of non-Abelian quasiparticles and topological quantum
computation.

Friday| June 12, 2026

Session 17: Polaritons in 2D materials— Part V
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We report for the first time the measurement of hyperbolic phonon-polaritons propagation around 1.5-3
THz in layered Pbl,. Using room-temperature scattering-type scanning near-field optical microscopy, we
achieved real-space imaging and broadband spectral analysis of Pbl, 2D crystals transferred onto different
substrates showing long-lived hyperbolic phonon-polaritons in good agreement with theoretical models. Our
measurements revealed an experimental figure-of-merit related to the propagation damping of the
polaritons above 15—on par with state-of-the-art mid-IR benchmarks—and extreme field confinement of
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264 for a 144 nm-thick flake. These findings demonstrate that Pbl, combines strong anisotropy, low losses,
and extreme mode confinement, making it a compelling candidate for THz nanophotonics applications.

Correlative characterization of molecular two-dimensional van der Waals
material heterostructures on the nanometer scale
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Hybrid van der Waals heterostructures that combine atomically thin transition metal dichalcogenides
(TMDCs) with functionalized graphene and molecular dipoles provide a versatile platform for tailoring light—
matter interactions and charge carrier dynamics. Their optoelectronic properties are highly sensitive to
subtle variations in composition, interface structure, and local electrostatics. Even small inhomogeneities
can significantly influence excitonic behavior, charge transfer processes, and device performance. As shown,
lodinated graphene exhibits strong p-doping beyond that observed for non-covalent iodine charge-transfer
complexes[1]. Similarly, graphene functionalized with oligophenyl groups strongly influences the optical
response of MoS,. When MoS; is supported on such functionalized graphene, its photoluminescence
intensity increases by up to a factor of five compared with pristine graphene[2]. Consequently, nanoscale
characterization methods capable of correlating structural, electronic, and optical properties are essential
for understanding and optimizing such systems.

Here, we investigate hybrid graphene—molecule—MoS, heterostructures and chemically functionalized
graphene using a correlative microscopy approach that integrates scattering-type scanning near-field optical
microscopy (s-SNOM), Kelvin probe force microscopy (KPFM), and photoluminescence (PL) spectroscopy|3].
This multimodal strategy enables simultaneous access to nanoscale optical fields, local surface potentials,
and excitonic emission, allowing direct correlation of dielectric environment, charge transfer, and excitonic
response. As a model system, we study a trilayer heterostructure composed of CVD graphene, a self-
assembled Rhodamine 6G (R6G) molecular layer, and a transferred monolayer MoS; (G/R6G/MoS;),
including regions with thicker MoS,. PL and Raman spectroscopy confirm preserved MoS; crystallinity and
nearly homogeneous molecular coverage, while KPFM reveals local surface potential variations arising from
molecular dipoles and interfacial charge transfer that correlate with spatial changes in PL intensity.
Complementary s-SNOM imaging reveals nanoscale exciton—polariton propagation in MoS, and a clear
redshift of the polariton wavelength upon R6G integration, indicating a modification of the local dielectric
environment and excitonic response.

Overall, these results demonstrate that correlative s-SNOM, KPFM, and PL imaging provides a powerful
framework for linking nanoscale electrostatics with excitonic optical behavior in hybrid 2D heterostructures.
Molecular layers and graphene functionalization emerge as effective tools for engineering charge transfer,
exciton dynamics, and polaritonic properties, highlighting the potential of such hybrid systems for
nanophotonic and optoelectronic applications.
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