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Plenary Talk: Electron fractionalization under zero magnetic field

Kin Fai Mak>3
1 School of Applied and Engineering Physics, Cornell University, Ithaca, NY, USA
2 Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY, USA
3 Kavli Institute at Cornell for Nanoscale Science, Ithaca, NY, USA
Contact Email: kinfai.mak@cornell.edu

Electron fractionalization is of significant interest to both fundamental physics and topological quantum
computing. The emergence of two-dimensional moiré materials provides a platform to explore the
physics of electron fractionalization under zero magnetic field. In this talk, | will discuss two examples of
zero-field electron fractionalization in moiré semiconductors: 1) the fractional Chern insulator that
spontaneously breaks the time reversal symmetry, and 2) the time reversal symmetric fractional quantum
spin Hall insulator.

News from the Quantum Twisting Microscope

Shahal llani

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

In this talk | will present the latest results from Quantum Twisting Microscope (QTM) experiments
performed at cryogenic temperatures. The QTM is a novel scanning probe microscope that enables the
creation of pristine two-dimensional interfaces between two van-der-Waals layers — one on its tip, and
another on a flat substrate. Upon application of a voltage bias between the two layers, an electron
tunnels across the interface at many locations at once, and the quantum interference between these
tunneling events results in momentum-conserving tunneling. With its continuous control over the twist
angle between the layers, the QTM can scan through momentum space and map the energy bands of
guantum materials. | will describe recent inelastic momentum-resolved tunneling experiments, revealing
an intriguingly strong electron-phason coupling in twisted bilayer graphene, as well as using the QTM as
an ultra-high-resolution single electron transistor to image the electrostatic potential landscape within
moiré lattices.
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Plasmonic Twistronics: Discovery of Plasmonic Skyrmion Bags

H. Giessen?, J. Schwab?, A. Neuhaus’, P. Dreher?, S. Tsesses3, A. Manthal, F. Mangold?,

B. Frank?, G. Bartal3, F.-J. Meyer zu Heringdorf?, and T. J. Davis*%*

1. 4th Physics Institute, Research Center SCoPE, and Integrated Quantum Science and Technology Center, University
of Stuttgart, Germany

2. Faculty of Physics and Center for Nanointegration, University of Duisburg-Essen, Germany
3. Andrew and Erna Viterbi Department of Electrical Engineering, Technion-Israel Institute of Technology, Israel
4. School of Physics, University of Melbourne, Australia
Contact Email: h.giessen@pi4.uni-stuttgart.de

Plasmonic skyrmion lattices are created by the interference of surface plasmon polariton waves.
Superimposing two plasmonic skyrmion lattices with a relative twist creates a moiré skyrmion
superlattice. Their vector fields are calculated numerically and measured using time-resolved PEEM
vector microscopy, demonstrating that the topology contains skyrmion bags of controllable size for
certain magic angles.

Twistronics are studied intensively in 2D-materials, especially in twisted bilayer graphene, following the
discovery of flat electronic bands. This has led to groundbreaking findings, such as unconventional
superconductivity and correlated insulator states. In these systems, the moiré lattice is created by
introducing a relative twist between the upper and lower layer of the material by a twist angle ¢ as
illustrated in Figure 1 (a).

a)

Hexagonal
lattice

) —
Rotated
lattice

Moiré
superlattice

Figure 1: (a) Two superimposed hexagonal lattices with a relative twist create a moiré superlattice.
(b) Vector field of a surface plasmon polariton skyrmion bag when twisting about a magic angle.

We combine the concepts of twistronics with plasmonic topological excitations and demonstrate that the
topology of moiré skyrmion lattices contains skyrmion bags as complex topological quasiparticles that so
far have been demonstrated only in liquid crystals, and whose formation has been predicted in chiral
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ferromagnets [3]. The size of plasmonic skyrmion bags can be controlled by the twist angle and its center
of rotation. The resulting electric field distribution of a skyrmion bag can be derived numerically (see
Figure 1 (b)) and verified experimentally using time-resolved two-photon photoemission electron
microscopy (PEEM) vector microscopy [2].

The ability to control topological properties of light has great potential for applications such as spin-
optics, imaging, structured illumination microscopy, non-dipolar light-matter-interaction, as well as
topological and quantum technologies.
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Thermodynamic measurements of correlated states in MATBG

Dmitri Efetov
Ludwig_Maximilian-University of Munich, Germany
Contact Email: Dmitri.efetov@Imu.de

Beyond Moiré in twisted 2D magnets: tailoring the magnetization
switching in 2D CrSBr by an orthogonal-twist

S. Mafias-Valero®?, C. Boix-Constant?, A. Rybakov?, E. Coronado?
1 Kavli Institute of Nanoscience, Delft University of Technology, Delft, Netherlands
2 Instituto de Ciencia Molecular (ICMol), Universitat de Valéncia, Paterna, Spain
Contact Email: S.ManasValero@tudelft.nl , samuel.manas@uv.es

The advent of twist engineering in two-dimensional (2D) crystals enables the design of van der Waals
heterostructures with emergent properties.[1] In the case of magnets, this approach can afford artificial
antiferromagnets with tailored spin arrangements.[2] Here,[3] we fabricate an orthogonally-twisted
bilayer by twisting two CrSBr ferromagnetic monolayers with an easy-axis in-plane spin anisotropy by 90
degrees. CrSBris a metamagnetic layered semiconductor formed by antiferromagnetically-coupled
ferromagnetic layers (Tc~150 K) that can be exfoliated down to the single-layer limit. The ferromagnetic
monolayer exhibits a marked low-dimensional character, with short-range correlations above Tc and an
Ising-type in-plane anisotropy, being the spins spontaneously aligned along the easy axis (b) below Tc. By
applying moderate magnetic fields along the b axis, a spin-flip of the layers take place whereas, for the
intermediate and hard magnetic axis (a and c axes, respectively), a spin-reorientation occurs. In
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multilayers, a spin-valve behaviour is observed, characterized by negative magnetoresistance.[4] Thus,
taking advantage of the in-plane Ising magnetic anisotropy of this 2D magnet, twisting by 90 degrees two
monolayers yields to an intriguing spin scenario where several terms compete with an applied magnetic
field such as the Zeeman split energy, the interlayer magnetic interactions (which favours an antiparallel
orientation between the layers) and the local spin anisotropy in each CrSBr layer (which are perpendicular
in the twisted configuration). This case is different from the common Moiré patterns in twisted bilayers,
where a modification of the band structure is reached by twisting by small angles.[1] In particular, the
magneto-transport properties of the orthogonally-twisted bilayer reveal a multistep magnetization
switching with a magnetic hysteresis opening, which is absent in the pristine case.[4] By tuning the
magnetic field, we modulate the remanent state and coercivity and select between hysteretic and non-
hysteretic magnetoresistance scenarios. This complexity pinpoints spin anisotropy as a key aspect in
twisted magnetic superlattices. Our results highlight control over the magnetic properties in van der
Waals heterostructures, leading to a variety of field-induced phenomena and opening a fruitful
playground for creating desired magnetic symmetries and manipulating non-collinear magnetic
configurations.
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Imaging quantum oscillations in strongly correlated moiré systems

Eli Zeldov

Weizmann Institute of Science, Rehovot, Israel
Contact Email: eli.zeldov@weizmann.ac.il

De Haas-van Alphen quantum oscillations in magnetization have traditionally served as the prime tool for
determining the band structure of metals and semiconductors. Utilizing a scanning SQUID-on-tip, we
image thermodynamic quantum oscillations with nanoscale spatial resolution and at very low magnetic
fields, which allows reconstruction of the local band structure with high energy resolution. In Bernal-
stacked trilayer graphene with dual gates, we reconstruct the band structure and its controllable
evolution with the displacement field with unprecedented precision, and map the naturally occurring
strain-induced pseudomagnetic fields as low as 1 mT, corresponding to graphene twisting by 1
millidegree over 1 um distance [1]. In Bernal bilayer graphene aligned to hBN, we reveal complex band
structure with narrow moiré bands and multiple overlapping Fermi surfaces separated by very small
momentum gaps. In addition to conventional oscillations obeying Onsager quantization, pronounced
guantum oscillations are found to arise from particle-hole superposition states induced by coherent
magnetic breakdown [2]. In twisted trilayer graphene, we observe renormalization of the single-particle
band structure by Coulomb interactions, greatly increasing the bandwidth of the flat bands and leading to
symmetry breaking at half filling. On approaching charge neutrality, we find the ground state to be a
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nematic semimetal in which the flat-band Dirac cones migrate towards the mini-Brillouin zone center,
spontaneously breaking the C3 rotational symmetry.
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Twisted MoTe; bilayer is an emergent fractional Chern insulator with spontaneous time reversal breaking.
As semiconducting transition metal dichalcogenides famously exhibit spin-valley locking and circularly
polarized valley-optical selection rules, a natural question arises as to how the interaction induced
ferromagnetism couples to the optical response. Here, we demonstrate that the degree of circular
polarization (DOCP) in the trion photoluminescence at zero magnetic field reaches near unity in the
anomalous Hall metal phase, with the helicity controlled by the magnetization direction. Spin-valley Hall
response is shown to tune the emission helicity, establishing the electric current as an additional control of
the PL helicity. We further show that the PL DOCP is a sensitive probe of the integer and fractional
quantum anomalous Hall effects, the putative zero-field composite fermi liquid state, as well as their
electric field-driven topological phase transitions. The unprecedented optical properties of this system
promise to have profound implications for spintronics, valleytronics, and topological-optoelectronic
devices.

2D Quantum Material Josephson Junctions

Mazhar Ali**3, Heng Wu'?, Michiel Dubbelmann?-?
1 Department of Quantum Nanoscience, Faculty of Applied Sciences, Delft University, Delft, Netherlands
2 Kavli Institute of Nanoscience Delft, Delft, Netherlands
3 Material Mind Inc., Walnut Creek, California, USA
Contact Email: m.n.ali@tudelft.nl

Josephson junctions are an important scientific and technological devices where two superconductors are
coupled together by a non-superconducting barrier, resulting in a sandwich-like heterostructure with
superconducting properties which can modulated by the barrier or magnetic field through the barrier.
Recently, great progress has been made in incorporating 2D quantum materials into these structures
where their inherent properties can affect the tunneling superconductivity in novel ways. In this
presentation we will discuss some of these results with particular focus on the creation of non-reciprocal
superconductivity (i.e. one directional), how it is realized, and the route to its technological use.
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Half-integer quantized Hall conductivity in magnetic topological insulator
heterostructure

Minoru Kawamura
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A three-dimensional topological insulator hosts a two-dimensional surface state with a single linear-
dispersive Dirac cone. Breaking of time-reversal symmetry opens an energy gap at the charge neutrality
point of the Dirac cone, and the Hall conductivity of the surface state is predicted to be quantized to half of
the quantum conductance e?/h. This can be regarded as a manifestation of parity anomaly in quantum field
theory. However, the half-integer quantization of the surface Hall conductivity has been elusive because
the Dirac cones always appear in pairs, and the contributions from the even number of Dirac cones are
measured simultaneously. In this presentation, we report the direct observation of the half-integer
quantized surface Hall conductivity in a synthetic heterostructure of magnetic topological insulators, where
only one surface is gapped by magnetic doping and the opposite one remains non-magnetic and gapless.
We observed half of the quantized Faraday and Kerr rotations with terahertz magneto-optical
spectroscopy and half-integer quantized Hall conductivity in charge transport measurement [1].
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Strong interactions and isospin symmetry breaking in a supermoiré lattice

Amir Yacoby
Department of Physics, Harvard University, USA
Contact Email: yacoby@physics.harvard.edu

In multilayer moiré heterostructures, the interference of multiple twist angles ubiquitously leads to
tunable ultra-long-wavelength patterns known as supermoiré lattices. However, their impact on the
system’s many-body electronic phase diagram remains largely unexplored. We present local
compressibility measurements revealing numerous incompressible states resulting from supermoiré-
lattice-scale isospin symmetry breaking driven by strong interactions. By using the supermoiré lattice
occupancy as a probe of isospin symmetry, we observe an unexpected doubling of the miniband filling near
v=-2, possibly indicating a hidden phase transition or normal-state pairing proximal to the superconducting
phase. Our work establishes supermoiré lattices as a tunable parameter for designing novel quantum
phases and an effective tool for unraveling correlated phenomena in moiré materials.
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Plenary Talk: Chiral spin textures on the racetrack
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The simplest chiral spin texture is a one-dimensional Néel magnetic domain wall that separates two
magnetic regions that are magnetized in opposite directions. Under the influence of spin orbit torques,
that are derived from spin currents that carry angular momentum, these walls can be driven at high speeds
exceeding 1 km/sec along magnetic nano-wires that, thereby, form “magnetic racetracks”. This is the basic
principle of the magnetic racetrack memory that stores digital data in the form of the presence or absence
of such chiral domain walls.

We discuss recent developments including the scaling of racetrack to sub-100 nm widths and the first 3D
racetrack memory devices. Chiral domain walls are, however, just one member of an ever-expanding
family of chiral spin textures that are of great interest from both a fundamental as well as a technological
perspective. Recently a zoology of complex 2D and 3D spin textures stabilized by volume or interface
Dzyaloshinskii-Moriya vector exchange interactions have been discovered including, in our work, anti-
skyrmions, elliptical Bloch skyrmion, two-dimensional Néel skyrmions and fractional antiskyrmions. Such
nano-objects are potential candidates as magnetic storage bits on the racetrack.

Incommensurate spin crystal phases in ultra-thin ferromagnetic and
ferroelectric oxide layers

Marin Alexe and Samuel Seddon

University of Warwick, Department of Physics, Coventry W Midlands, UK
Contact Email: m.alexe@warwick.ac.uk

Ferroics can form complex topological spin structures such as vortices and skyrmions, when subjected to
particular boundary conditions. Especially in ferromagnets these whirling magnetic structures are chiral,
generating abnormal behaviour such as topological Hall effect (THE) in ferromagnets. They are caused by
local symmetry breaking induced for example by interface Dzyaloshinskii-Moriya interaction (DMi). We
reveal that a PbTiO3 ferroelectric layer can break the surface inversion symmetry in a contiguous SrRuO3
layer generating a periodic chiral domain. Instead of skyrmions, the domains that emerge are an
incommensurate (I-C) spin crystal which is seen to coincide with a significant topological-like Hall effect. [1]

One the other we observe in single PbTiO3 epitaxial layer sandwiched between SrRuO3 electrodes a

domain structure analogue of the double-a magnetic spin crystal phase. The periodic clockwise and anti-
clockwise ferroelectric vortices are modulated by a second cycloidal ordering along their toroidal core. [2]
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The presence of such a double—a structure, mediated by incommensurate interactions, is a direct hint of
the electric Dzyaloshinskii—-Moriya interaction as the counterpart of the magnetic DMi.
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Magnetic-electronic coupling in the van der Waals metal-phosphor tri-
chalcogenides
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1Schulich Faculty of Chemistry, Solid State Institute, Department of Materials Science and Engineering
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3Institute of Theoretical Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
Contact Email: ssefrat@technion.ac.il

Magnetism is a topic of wide interest since the discoveries of motors/generators, through magneto-
resistance and up to modern times, where low dimensional materials offer support for new magnetic
phenomena. The talk will focus on the influence of magnetic moments and magnetism on the magneto-
optical properties of semiconductors in an ultimate two-dimensional limit found in van der Waals
transition metal phosphor tri-chalcogenides. A few types of magnetic effects will be discussed: The long-
range magnetic order (e.g., ferromagnetism, anti-ferromagnetism [AFM]); A Rashba spin-orbit effect;
Hyperfine interaction, and cyclotron resonance; all gaining special stabilization by the size confinement and
shape anisotropy, being of special interest in emerging technologies of spin-electronics and quantum
computation.

The Metal phosphor tri-chalcogenides with the general chemical formula MPX; (M=metal, X=chalcogenide)
closely resemble the metal di-chalcogenides, but the metals are paramagnetic elements, while one-third of
them are replaced by phosphor pairs. The metal ions within a single layer have a honeycomb arrangement
(Neel, stripe, or zigzag [see the attached scheme]) mainly producing an anti-ferromagnetic structure,
endowing those materials with unique magnetic and magneto-optical properties. Most recent magneto-
optical measurements will be reported, exposing the dual relation between magnetism and electronic
properties. The study tackled a few scientific questions: (1) What mechanism sustains the long-range AFM,
and whether the type of magnetic arrangement can be manipulated? Previous work proposed a
dominancy of spin-exchange coupling among next metal neighbors. To validate this assumption, we
examined the magnetic and magneto-optical properties of a benchmark compound, MnPS3, embedded
with different diamagnetic cations (e.g., Zn%*). The results designated a sustain of AFM, however, with a
reduction of the Neel temperature with the increase of the dopant concentration, followed by a switch of a
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magnetic arrangement from Neel to Zigzag in layers at Mn: Zn ratio of 1:1, and a complete loss of AFM
arrangement with the dominancy of Zn ions. The gradual transitions with the increase of Zn content were
reflected in shifts and polarization of the magneto-PL spectrum, exposing a solid magnetic-optical
correlation. (2) Do other moments (e.g., spin-orbit) dictate spin arrangement? To address this question
comparison of magneto-optical properties among a few different compounds (MnPSs, FePSs) has been
explored. The study designated a unique behavior in FePS; compared to the two others, exposing new
magnetic phenomena that have not been demonstrated before, supposedly related to a strong spin-orbit
effect and to an inversion of symmetry breaking. A full description of observations and their analysis will be
given at the meeting (a representative emission spectrum of FePSs is attached here). The experimental
observations were corroboration by considering the electronic properties in the framework of DFT+U
studies.
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Quantum sensing of 2D magnets using single-spin microscopy

Patrick Maletinsky
Department of Physics, University of Basel, CH-4056 Basel, Switzerland
Contact Email: patrick.maletinsky@unibas.ch

Quantum two-level systems can be harnessed as highly sensitive, quantitative magnetometers for
magnetic imaging at the nanoscale. Over the past two decades, this concept [1] has evolved from the proof
of concept [2] to a mature quantum technology [3], with a broad field of demonstrated applications in
physics, materials engineering, life sciences, and beyond.

This talk will cover the foundational principles and key applications of nanoscale quantum sensing,
specifically focusing on the emerging class of magnetically ordered, two-dimensional van der Waals (vdW)
materials [4]. Specifically, | will outline our experimental strategy using all-diamond scanning probes and
highlight our recent advancements in their performance and functionality [3]. After revisiting our earlier
investigations of the ferromagnet Crls;, where we quantitatively imaged nanoscale magnetization
distributions and spin textures [5], | will focus on our recent findings on the novel vdW magnet CrSBr. This
material stands out with its remarkable structural stability, exceptionally high ordering temperature

~140 K [6], a fascinating interplay between its magnetic and optical properties [4], and a rich magnetic
phase diagram [7]. Using direct imaging by single-spin magnetometry, we unveiled an intriguing
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coexistence of ferro- and antiferromagnetically ordered phases near the spin-flip transition in bilayer
CrSBr. The resolution of our approach enabled us to reveal intriguing morphologies of the phase boundary
between these regions, suggesting spin-textures with nontrivial topology that offer valuable insights into
domain wall energetics in few-layer CrSBr.

| will conclude with a perspective on upcoming advancements in single-spin microscopy for vdwW
magnetism, emphasizing real-space explorations of dynamic phenomena [8] like spin waves and their
propagation as the next frontier.
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Quantum sensing with spin defects in hexagonal boron nitride

Vincent Jacques

Laboratoire Charles Coulomb, Université de Montpellier and CNRS, 34095 Montpellier, France
Contact Email: vincent.jacques@umontpellier.fr

Quantum sensors based on optically-active spin defects in semiconductors have found a broad variety of
applications, in both basic and applied science, due to their unprecedented combination of sensitivity,
spatial resolution and ability to operate under a wide range of experimental conditions. While the most
prominent example is undoubtedly the nitrogen-vacancy (NV) center in diamond, the exploration of
alternative spin defects and host materials remains an active field of research worldwide. In this context,
the negatively-charged boron vacancy (VB) center in hexagonal boron nitride (hBN) is currently attracting a
growing interest for the development of quantum sensing and imaging technologies on a two-dimensional
(2D) material platform. This point defect, which can be readily created by various irradiation methods, has
a spin triplet ground level whose electron spin resonance frequencies can be measured optically under
ambient conditions and strongly depends on external perturbations. In this talk, | will describe our recent
research work aimed at developing quantum sensing foils based on VB centers in hBN.
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Optics with 2D Quantum Materials

Bernhard Urbaszek
TU Darmstadt, Germany
Contact Email: Bernhard.urbaszek@pkm.tu-darmstadt.de

This work is a collaboration between TU Darmstadt (Germany), Friedrich Schiller University,
Jena,(Germany), Philipps-Universitat Marburg (Germany), CEMES and LPCNO Toulouse (France) and NIMS,
Tsukuba (Japan).

Atomically thin semiconductors like MoSe; and WSe; have
intruiging optical proporties in monolayer form. New
dynamics and collective effects for charge carriers can be
observed when these 2 materials are combined to form
heterostructures. Through manual stacking vertical
heterobilayers forming moiré superlattices can be
obtained. Lateral heterostrucures can be achieved by CVD
growth (chemical vapor deposition), where MoSe; and
WSe; bond covaltently in the plane. In the first part of this
talk we focus on the optical properties of these lateral
heterostructures [1]. We report strategies to control
exciton (Coulomb bound electron-hole pairs) flow [2] and
we uncover fingerprints of charge-transfer excitons [3] at
the junction between the two monolayer materials, with
electron and holes residing in different materials. In the
second part we discuss the optical properties of another
promising system, namely Janus monolayers SeMoS, where the top and bottom chalcogen atoms are
different, resulting in surprising linear and non-linaer optcial properties [4].

Room temperature photoluminescence
imaging of lateral MoSe2-WSe2
monolayer heterostructure
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Optically Active Spin Defects in hBN

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

Manipulating interactions in 2D-heterostructures using high-Q nanobeam
cavities

Jonathan Finley
TU Munich, Germany
Contact Email: finley@wsi.tum.de

This talk will discuss 2D-heterostructures integrated into Si3N4 nanobeam optical cavities. These
nanobeam optical resonators host high Q > 10% — 10° cavity modes and allow us to explore novel light-
matter couplings and multimodal vibronic—phonon—photon couplings mediated by electronic excitations
[1-6]. Figure 1 depicts schematically such nanobeam cavities, consisting of a non-perforated, fully hBN
encapsulated 2D heterostructure placed onto a freestanding Si3N4 nanobeam that confines a single optical
mode over wavelength lengthscales while efficiently coupling to the excitonic system of interest.
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Figure 2 —Schematic representation of the Si3N4 nanobeam cavity onto which a fully hBN encapsulated 2D heterostructure is placed.
The high-Q optical mode is confined over wavelength scale dimensions allow the study of the coupling of trapped moiré interlayer
excitons magnetically tuned into resonance with the cavity mode.

Recently, we have used such nanobeam cavities to probe novel excitonic photo-physics in various 2D
heterostructures. For example, in hBN encapsulated MoS; monolayers we observe a nonmonotonic
temperature dependence of the cavity-trion interaction strength, a finding consistent with the spatial
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extent of the centre-of-mass exciton wave function becoming comparable to the cavity photonic mode
volume in space [1,2]. For R-type stacked MoSe,-WSe; hetero-bilayers, we obtain evidence for the lasing of
moiré trapped interlayer excitons (IX) as the cavity-IX detuning is controlled using a magnetic field. Here,
threshold-like behaviour and line narrowing emerge in the pump-dependent cavity mode emission as the
IX is magnetically tuned into resonance with the cavity mode [3]. Finally, cavity QED can be used to
identify the zero-phonon line transition of the negatively charged Boron vacancy (Vg ') center in hBN [5], an
optically active spinful defect with intriguing properties at room temperature [6].
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Prolonged dephasing time of ensemble of moiré-trapped interlayer
excitons in WSe,-MoSe; heterobilayers

Mehmet Atif Durmus, Kaan Demiralay, Muhammad Mansoor Khan, Seyma Esra Atalay, ibrahim

Sarpkaya
Bilkent University, Turkey
Contact Email: sarpkaya@unam.bilkent.edu.tr

Semiconducting transition metal dichalcogenides (TMDs) and their van der Waals heterostructures have
been the subject of extensive research in the last decade. Although it has been demonstrated that the
moiré superlattices of these heterostructures can induce a pronounced effect on the optical properties of
interlayer excitons (IXs), their influence on temporal coherence has not yet been thoroughly investigated.
Here, we demonstrate an extensive investigation of the coherence properties of both the ensemble of
delocalized and the ensemble of moiré localized IXs of the hBN encapsulated WSe,-MoSe;
heterostructures. Using a home-built Michelson interferometer, we performed low-temperature first-
order correlation measurements, resulting in prolonged dephasing time values up to T, = 730 fs from the
ensemble of moiré localized IXs'. In comparison to the values we obtained from our delocalized IXs, our

27



Tuesday | June 4, 2024

Session 4: Optical spectroscopy of 2D materials — Part |

results reveal an increase of two to almost five-fold, while it is more than two-fold prolonged compared to
previously reported values of T, ~ 300 fs2. The prolonged dephasing times of the moiré-trapped IXs in
comparison to the delocalized ones indicate that the presence of the moiré potentials within these
heterostructures significantly suppresses the dephasing mechanisms (i.e., IX-low energy acoustic phonon
and IX-IX scattering). Furthermore, the results of our power-dependent T, studies show that ultra-long
dephasing times can be expected if the interferometric measurements are performed with the narrow
photoluminescence emission line of a single moiré-trapped IX at a low pump power regime. The prolonged
T, values of IXs would be crucial for future quantum information science applications and the development
of two-dimensional material-based nanolasers>.
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Sulfur Vacancy Related Optical Transitions in Graded Alloys of MoxW1.4S>
Monolayers

Yohannes Abate
University of Georgia, USA
Contact Email: yohannes.abate@uga.edu

Transition metal dichalcogenides (TMDCs) provide a versatile platform for bandgap modulation through
alloying, doping, and heterostructure formation. In this study, we explore graded MoxW1-S, monolayers,
featuring a transition from a Mo-rich center to W-rich edges, and achieving a tunable bandgap of 1.85 to
1.95 eV from the center to the edge of the flake. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy reveals the presence of sulfur monovacancies (VS), whose
concentration varies across the graded MoxW:-S; layer as a function of Mo content, with the highest value
in the Mo-rich center region. Optical spectroscopy, supported by ab initio calculations, reveals a doublet
electronic state of VS, split by spin-orbit interaction. The energy levels are positioned close to the
conduction band or deep within the bandgap, depending on whether the vacancy is surrounded by W or
Mo atoms. This unique electronic configuration of VS in the alloy facilitates four spin-allowed op5cal
transitions between the VS levels and the valence bands.
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Ultrafast electron dynamics in semiconducting thin films using subcycle
terahertz nanoscopy

Markus A. Huber
University of Regensburg, Germany
Contact Email: markus.huber@ur.de

Advancing optical microscopy to increasingly shorter length- and timescales has been a key process to
visualize the connection between nanoscopic elementary dynamics and macroscopic functionalities of
matter. In this talk, | will show two recent breakthroughs tracing and understanding the ultrafast carrier
dynamics in condensed matter systems on the nanoscale.

First, | will demonstrate how ultrafast terahertz nanoscopy unravels the interplay between structure,
composition and carrier dynamics in individual grains of lead halide perovskite films [1] which are a
promising class for future photovoltaic devices. Phonon fingerprinting is used to discern nano-grains of
different crystallographic phase and chemical composition via their local dielectric function, directly
extracted from our experimental data. Following the excitation with an optical pump pulse, we trace the
photogenerated carrier dynamics with extreme temporal resolution. By accessing deep-subcycle shifts of
the detected terahertz near-field waveforms, we introduce an approach to access the out-of-plane charge
carrier diffusion, which constitutes a key quantity for solar cell performance. We find a surprising
robustness of diffusion against structural and chemical variations on the nanoscale, possibly shedding light
on the origin of the remarkable performance of perovskite-based devices. Our approach may help resolve
further open questions, including the details of the charge collection process at the extraction layers or hot
carrier effects.

Secondly, | will present a fundamentally new approach which brings all-optical microscopy to the atomic
length scale while simultaneously retaining subcycle temporal resolution for the first time [2]. The
technique utilizes the extreme nonlinearities within confined evanescent light fields to trace the path of
electrons tunneling across a tip-sample junction combined with a purely optical detection mechanism. We
demonstrate the capabilities of this new “Near-field Optical Tunnelling Emission” (NOTE) microscope by
imaging packing defects on the surface of gold, alongside tracing the flow of electrons between the
scanning tip and a semiconducting van der Waals trilayer in real-time. NOTE microscopy is inherently
compatible with insulating samples, where no large-scale currents can flow, and allows for ultrafast
spectroscopy with atomic spatial and subcycle temporal resolution. Hence, NOTE provides direct access to
atomic scale quantum light-matter interaction and dynamics on their intrinsic length and timescales.
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Plenary Talk: van der Waals Interfaces

Dmitri Basov
Columbia University, USA
Contact Email: db3056@columbia.edu

Van der Waals (vdW) interfaces are emerging as a versatile platform to control and investigate electronic,
magnetic and optical properties of quantum materials. | will discuss nano-optical studies of ambipolar
charge transfer across an interface of vdW materials with different work functions. | will also discuss space-
time metrology of tera-Hertz plasmon polaritons in graphene. This novel experimental approach allowed
us to directly probe electronic interactions of the Dirac quasiparticles in graphene.
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Optical interfaces from metasurface optics to low-symmetry phonon
polaritons

Cheng-Wei Qui
National University of Singapore, Singapore
Contact Email: chengwei.giu@nus.edu.sg

Fast progress in ultrathin and ultra-compact flat interface optics has been witnessed recently, including
metasurface optics and hybrid metasurface-refractive optics. Many of those versatile flat-optics devices
heavily rely on judiciously and artificially structured nanopatterns at the interface, and even the artificial
intelligence is exploited to search for freeform and unexpected profiles of the structured meta-optics. Now
it is about the time to sit back and look back — le voyage rétro — towards how we unlock the intrinsic power
of natural materials. In this talk, | will show several breakthroughs in molding polaritons, hybrid excitations
of matter and photons. We discover the photonic magic angle, the corresponding topological transition,
ultra-large confinement and ultralong canalization, topological orbit angular momentum, and steerable
unidirectional propagation of surface phonon polaritons in layered vdW materials. The grand challenges
include the propagation loss of polariton waves and limited size of the exfoliated vdW materials. In this
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regard, we showcase a peculiar type of ghost polariton with both propagation and evanescent natures
inside a uniaxial crystal such as Calcite. The long-range (> 20um), directional and diffractionless
propagation of polaritons are observed at room temperature. Such uniaxial crystals are lossless, large size
and commercially available, and the properly slanted optic axis could facilitate wafer-scale on-chip
polariton nanodevice with unprecedented nanolight control. We envision that such nature-based interface
optics will spur new thoughts and directions, such as transformation and topological polaritonics, electron-
polariton interactions, nano-imaging, energy transfer, on-chip circuitry, and quantum applications.

Cryogenic near-field spectroscopy from visible to midinfrared
frequencies: exploring topological insulator nanostructures and 2D
materials at the nanoscale

Jessica Boland
University of Manchester, UK
Contact Email: jessica.boland@manchester.ac.uk

In this talk, we present the near-field microscopy capabilities at Manchester, including cryogenic operation
from visible to terahertz frequencies. We provide examples for different operations, including: surface
chemical characterisation in InN nanostructures, sub-surface characterisation of water in graphene
nanochannels; mapping polariton modes in 2D materials, and nanoscale spectroscopy of topological
insulators. In particular, we focus on nanoscale characterisation of our 2D topological insulator thin films
and nanostructures, demonstrating spectral features around ~1250cm”-1 in the topological insulator
nanowires. We utilise multilayer modelling to establish the physical mechanism behind this resonance and
discuss future work to utilise these materials for terahertz devices.

Nanooptics in flatlands

Pablo Alonso-Gonzales
University of Oviedo, Spain
Contact Email: pabloalonso@uniovi.es

Highly anisotropic crystals have recently attracted considerable attention due to their ability to support
polaritons with unique properties, such as hyperbolic dispersion, negative phase velocity, or extreme
confinement. In particular, the biaxial van der Waals semiconductor a-phase molybdenum trioxide (a-
Mo03) has received much attention [1] due to its ability to support in-plane hyperbolic phonon polaritons
(PhPs) —infrared (IR) light coupled to lattice vibrations in polar materials— with ultra-low losses, offering
an unprecedented platform for controlling the flow of energy at the nanoscale.

In this talk, we will show experimental demonstrations of the unique behavior of PhPs in these crystals,
including the visualization of anomalous cases of the fundamental optical phenomena of refraction [2] and
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reflection [3], and the exotic phenomena of canalization and unidirectional ray propagation, in which PhPs
propagate along a single direction with ultralow losses [4-7].
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Ultrafast nano-imaging: Probing quantum dynamics in space and time

Markus Raschke
University of Colorado Boulder, USA
Contact Email: markus.raschke@colorado.edu

Understanding and ultimately controlling the properties of quantum materials and their coupled degrees
of freedom will require counteracting the effects of dissipation and dephasing. This necessitates imaging
the elementary excitations on their natural time and length scales. To achieve this goal, we developed
scanning probe microscopies with ultrafast and shaped laser pulses for multiscale coherent spatio-
temporal optical nano-imaging. In corresponding ultrafast movies, we resolve the fundamental quantum
dynamics down to the few-femtosecond regime with nanometer spatial resolution. Specifically, in 2D
materials and their heterostructures, the emergent electronic, spin, and other quantum properties are
controlled by the underlying interlayer coupling and associated charge and energy transfer dynamics.
These processes are sensitive to interlayer distance and crystallographic orientation, which are in turn
affected by defects, grain boundaries, and other nanoscale heterogeneities. In this talk, | will present the
use of adiabatic plasmonic nanofocused four-wave
mixing (FWM) [1] to image the coherent electron
dynamics in monolayer WSe; resolving nanoscale
heterogeneities in dephasing ranging from T, <5 fs
to T> > 60 fs on length scales of 50-100 nm [2].
Further, in combination with Purcell-enhanced
nano-cavity clock spectroscopy [3] in
WSe,/graphene heterostructures we identify
interlayer energy transfer dynamics at times scales

Fig. 1. Tp—enhanced ulaast nano-imaging of 2D

of 350 fs [4]. Beyond the fundamental materials with simultaneous nanometer spatial and
understanding to the competition between intrinsic femtosecond temporal resolution resolving from few-
and extrinsic effects on excitation lifetimes and fs coherent electron to ps interlayer dynamics.

coherence, we discover a new regime of nonlinear
nano-optics at the interplay of spatial coherence and disorder-induced scattering.
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Hyperspectral detectorless near-field nanoscopy at terahertz frequencies

Miriam Vitiello
Consiglio Nazionale delle Ricerche & Scuola Normale Superiore Pisa, Italy
Contact Email: Miriam.vitiello@sns.it
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Quantum nano-optoelectronics of twisted 2D materials

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

Two-dimensional (2D) materials have emerged as a fascinating platform for manipulating light and
exploiting light-matter interactions at the atomic level. Twisted 2D materials, in particular, have
represented a recent revolution in materials science as a tunable platform to tailor the periodic energy
landscape for electrons at the nanoscale. This has led to the demonstration of tunable superconductivity,
novel topological polaritons, tunable magnetism, etc.

We present innovative techniques to study the nano-optoelectronic properties and to develop novel
quantum technologies. Our pioneering low-temperature near-field imaging techniques allow us to examine
the electronic response to light with unprecedented nanometer-scale spatial resolution. One of our key
interests is to unveil the interplay of topological and many-body phenomena in 2D-material
heterostructures. Moreover, we present the discovery completely new functionalities, such as single-
photon detection capabilities.
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Quantum phases in flat-band van-der-Waals systems:
making, controlling and measuring by quantum transport

Thomas Weitz
Georg-August-University Géttingen, Germany
Contact Email: thomas.weitz@uni-goettingen.de

One exciting endeavor of condensed matter research is to understand how electrons in a solid interact
with one another and the underlying atoms. Depending on this intricate interplay, the system can have
drastically different properties, for example be either insulating or superconducting. Due to the many
electrons and atoms involved, one can image that developing a general understanding of this interplay is
very complex. In this sense, finding experimental systems that allow systematically control of e.g. charge
carrier density and/ or their mutual interaction is highly desirable. The novel class of van-der-Waals
materials offers such tunability.

This talk will focus on one specific van-der-Waals material, the naturally occurring Bernal bilayer graphene
(BBG). It has shown to host electric-field tunable van-Hove singularities. Indeed, correlated states and even
superconductivity was found close to these regions of diverging density of states. Here, | will show how we
systematically identify and explore such phases by controlling not only the density of states, the charge
carrier density but also the interaction between charge carriers. Most intriguingly we identified anomalous
quantum Hall and Wigner crystal phases in BBG.

Enhanced Interactions of Interlayer Excitons in Free-standing Hetero-
bilayers

Yuerui Lu
Australian National University, Australia
Contact Email: yuerui.lu@anu.edu.au

Low-frequency noise in the heterostructures of near-magic angle twisted
bilayer graphene and transition metal dichalcogenide layers

Arindan Ghosh

Indian Institute of Science, Bangalore, India
Contact Email: arindam@iisc.ac.in

Twisted van der Waals heterostructures of two-dimensional (2D) materials introduces a new knob to
engineer Coulomb interaction, structural symmetry breaking, electron-phonon interaction, among others
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in a solid-state environment. The resulting phase space of physical phenomena is extremely rich that
ranges from new correlated insulators to superconductors, ferromagnets, to Chern insulators and other
broken symmetry states all embedded within the delicate interplay of moiré patterns resulting from layer
misalignment. Partnering different genres of 2D materials, especially the transition metal dichalcogenides
(TMDC), provides further flexibility in introducing spin-orbit interaction, topological properties etc [1,2].
While conventional electrical transport, surface-sensitive local microscopy or optical spectroscopic
techniques have been frequently used to probe the electronic properties of the twisted heterostructures, a
crucial technique that has not been used so far is the low-frequency 1/f noise [3], which is an extremely
sensitive probe to the local screening properties and the time-dependent kinetics of disorder. In this talk
[4] | shall present results of experimental measurements of 1/f noise in multiple twisted bilayer graphene
devices at and close to the magic angle, both with and without partnering TMDC layers. A stochastic
exchange of charge between the conducting channel (twisted bilayer graphene) and traps located in the
encapsulating (hexagonal boron nitride) dielectric is found to be the dominant mechanism of the noise in
these devices. At low temperature, the noise shows distinct minima at the commensurate filling factors
inside the moiré band, which can be attributed to the singularities in the density of states, and thus
enhanced screening of the charged trap states. Intriguingly, such states could be resolved with noise
magnitude while the time averaged resistance remained largely featureless.

References

[1] S. Bhowmik et al. Nature Physics 18 (6), 639-643 (2022)

[2] B. Ghawri et al. Nature Communications 13 (1), 1522 (2022)
[3] P. Karnatak et al. Advances in Physics: X 2 (2), 428-449 (2017)
[4] P. Pal et al. (2024, submitted)

In-operando spectroscopy and microscopy on twisted 2D materials: from
graphene to magnets

Yong P. Chen
Purdue University, West Lafayette, USA

WPI-AIMR, Tohoku University, Sendai, Japan

Aarhus University, Aarhus, Denmark
Contact Email: yongchen@purdue.edu

Two-dimensional materials offer unique opportunities to perform multimodal, “in-operando”,
(nano)device-compatible measurements combining various surface science/optical microscopies and
spectroscopies with electrical transport/gating, to gain a microscopic and deeper understanding of
materials properties and device performance. In this talk, | will discuss examples of such multimodal
measurements involving transport, optical Raman spectroscopy, magneto-optical-Kerr-effect (MOKE),
micro angle resolved photoemission spectroscopy (ARPES), and scanning probe microscopies on 2D
materials (ranging from graphene to 2D magnets) and their twisted/stacked heterostructures.
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Quantum optical spectroscopy of 2D materials

Atac imamoglu
ETH Zurich, Switzerland
Contact Email: imamoglu@phys.ethz.ch

| will describe time-resolved nonlinear pump--probe measurements that reveal features of semiconductor
moiré materials not accessible to linear spectroscopy. With an intense, red-detuned pump pulse, we
generate a high density of virtual excitons or exciton--polarons in various moiré minibands. A broadband
probe pulse in turn measures the response of all optical resonances induced by the pump-generated
excitations. At charge neutrality, these measurements allow us to assess the spatial overlap between
different optical excitations: in particular, we observe signatures of a bound biexciton state between two
different moiré exciton modes.

Gate-tunable NbSe,;/MoSe; heterostructures

Atanu Patra, Vishakha Kaushik, Fabian Hartmann, Sven Hofling
Julius Maximilian University of Wiirzburg, Germany
Contact Email: sven.hoefling@physik.uni-wuerzburg.de

Two dimensional (2D) materials and their heterostructures host rich physical phenomena. In this
presentation, we will present results on metallic and superconducting bulk NbSe; and heterostructures of
it with MoSe;. Heterostructures of graphene and transition-metal dichalcogenides have shown significant
qguenching of photoluminescence emission through interlayer charge or energy transfer (ICT or IET) to the
adjacent layer [1,2]. Here we explore the photoluminescence properties of gate-tunable gate-tunable
NbSe,/MoSe; heterostructures and observed a revival of the optical emission in MoSe,/NbSe; under
electrostatic gating.

In this investigation, we have carried out a comprehensive study of the optoelectronic characteristics
exhibited by MoSe,/NbSe; heterostructures under the influence of a vertical electric field. The results
reveal notable increase of photoluminescence intensity, concerning the MoSe; excitons in the regions of
the heterostructure with NbSe,, approaching the levels observed in pristine monolayer MoSe,. The degree
of enhancement varies from sample to sample, with a maximum observed increase of tenfold. We
attribute these phenomena to the establishment of a potential barrier, specially Schottky barrier, between
MoSe; and NbSe;, which effectively regulates charge separation dynamics and facilitates the transfer of
charges between the two-dimensional material system depending upon the direction of the applied
electric field. Our investigation provides a clear distinction between ICT and IET, a pertinent phenomenon
observed in various 2D heterostructures.
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Interband transitions in few-layer graphene and their coupling to phonon
polaritons

Konstantin G. Wirth, Lina Jackering and Thomas Taubner
RWTH Aachen University, Aachen, Germany
Contact Email: taubner@physik.rwth-aachen.de

The crystallographic stacking order of few-layer graphene (FLG) greatly influences its electronic and optical
properties, such as band structure and optical conductivity. The most common stacking in FLG is Bernal
stacking (AB), which is the energetically favorable configuration, while rhombohedral stacking (ABC) is less
common. For example, rhombohedral stacked trilayer graphene (TLG) exhibits superconductivity [1],
absent in Bernal stacked TLG.

In the past, infrared s-SNOM contributed tremendously to the field of 2D materials by enabling the real-
space imaging of plasmon- or phonon polaritons [2], e.g., in graphene and hexagonal Boron Nitride (hBN),
respectively. Polariton imaging with s-SNOM has allowed for indirectly mapping (grain) boundaries and
(stacking) defects in FLG via polariton reflection. While graphene polaritons are usually investigated with s-
SNOM at energies below 0.2 eV, the stacking-specific interband transitions of FLG between 0.2 and 0.9 eV
have been less explored with s-SNOM nanospectroscopy.

Here, we perform spectroscopic s-SNOM measurements with a broadly tunable OPO/OPA laser system [3]
over the energy range from 0.3 to 0.54 eV to study the characteristic and stacking-dependent interband
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transitions of bilayer graphene (BLG) [3], TLG and tetralayer graphene (4LG) [4]. We retrieve and
reconstruct the complex optical conductivity resonances from the amplitude and phase of the scattered
light, which e.g. allow for the unambiguous assignment of previously undetected ABCB domains in 4LG. [4]
Our results establish near-field spectroscopy of interband transitions as a semi-quantitative tool, enabling
the recognition of domains of previously unknown stacking orders and provide a basis for studying their
physical properties.

For transport measurements, FLG is usually encapsulated in hBN because it increases the carrier mobility
of graphene. However, this aggravates the domain identification with diffraction-limited optical
techniques, such as far-field infrared- and Raman-spectroscopy. Furthermore, encapsulating FLG into hBN
can alter the stacking order and induce defects within the FLG flake [5]. Recently, Liu et al. [6] visualized
stacking domains in encapsulated 4LG using phonon-assisted near-field imaging. However, the underlying
coupling mechanism and the visualization of subdiffractional defects remain elusive. Here, we use a hBN
TLG heterostructure to proof that that such coupled polaritons are indeed hyperbolic phonon plasmon
polaritons. We also explain how they allow for super-resolution imaging of subdiffraction-sized defects in
graphene through the hBN cover layer via the so-called hyperlensing effect [7].

Our work paves the way for the characterization of FLG devices during fabrication, where the domains can
be altered, and defects may form due to mechanical stress and strain during stacking, heating, and electric
fields. Exploiting interband transitions, which are also characteristic for twisted FLG, and their coupling to
Phonon Polaritons in hBN with our technique will open the door toward nanoscopic noncontact
measurements of the electronic properties in complex hybrid 2D and van der Waals material systems.
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Exploring Polaritons and Dielectric Behavior of Nanoconfined Water in
Gypsum

Artem Mishchenko
University of Manchester, UK
Contact Email: artem.mishchenko@gmail.com

Gypsum, an exfoliable monoclinic crystal, offers unique opportunities for investigating both polaritonic
response and hydrogen bonding. We employed scattering-type scanning near-field microscopy and nano-
FTIR spectroscopy on exfoliated gypsum flakes to visualize, for the first time, a transition from shear
hyperbolic to shear elliptical polaritons. This transition is accompanied by light canalization in a narrow
mid-IR frequency range, expanding the potential applications of low-symmetry crystals in photonic devices
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and enabling the fabrication of diverse heterostructures that could access novel optical phenomena at the
nanoscale. Furthermore, we introduce a simple approach to conceptualize hydrogen bonds as elastic
dipoles in an electric field, capturing a wide range of hydrogen bonding phenomena in water systems. By
utilizing gypsum, with crystalline water embedded in a heterostructure, we determined the hydrogen bond
strength through an externally applied electric field. Our approach quantifies not just the strength of
hydrogen bonds, but also the dielectric behaviour in a wide range of systems directly from

vibrational spectroscopy data.
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Tunable phonon polaritons in oxide interfaces and nanomembranes

Alexey Kuzmenko
University of Geneva, Switzerland
Contact Email: Alexey.kuzmenko@unige.ch

Surface phonon-polaritons (SPhPs) - strongly coupled light-phonon modes bound to interfaces between
two media, one of which is a polar material with negative permittivity - hold high promise in nano-
photonics due to their capacity to squeeze the electromagnetic energy on ultra-subwavelength scales.
While the SPhPs are extensively studied in conventional semiconductors (SiC, AIN) and van der Waals
materials (hBN, Mo0S2), little is done in the vast family of complex perovskite oxides ABOs. Using cryogenic
scattering-type near-field optical microscopy (s-SNOM) in Geneva and synchrotron infrared
nanospectroscopy (SINS) at the ALS (Berkeley), we explored SPhP modes in LaAlO3(LAO)/SrTiO3(STO)
heterostructures [1] and 100 nm-thick transferable STO membranes [2]. The presence of conducting 2D
electron gas (2DEG) at the LAO/STO interfaces strongly increases the temperature dependence of the PhP
frequency, due to a coupling between the SPhPs in STO and the plasmon-polaritons in the 2DEG, and also
allows for electrostatic tuning by applying voltage to a back gate [1]. In ultrathin membranes, we observe
an even-odd SPhP mode splitting, where the low energy mode shows a propagating behavior with a
strongly confined wavelength, while the high-energy mode (Berreman mode) shows the epsilon-near-zero
(ENZ) behaviour with a huge enhancement of the electric field inside the sample. Our work shows great
potential of oxides for infrared nano-photonics.
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Control of polaritons in low-dimensional nanomaterials

Qing Dai

Chinese Academy of Science, China

Contact Email daig@nanoctr.cn

Polaritons are well-established carriers of light, electrical signals, and even heat at the nanoscale. Achieving
control over it is pivotal for the realization of nanoscale manipulation of light signals and even heat within
on-chip devices. Our research explores efficient excitation of polaritons in one-dimensional to two-
dimensional nanomaterials, leading to the discovery of polariton modes with ultra-high optical-field
confinement and quality factors. Through the ingenious design of dielectric environments, we have
successfully mitigated the transmission losses of polaritons, enabling long-distance propagation.
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Furthermore, by employing techniques such as heterostructures, chemical doping, and electrical
modulation, we have achieved precise control over the transmission modes and directions of polaritons.
These research findings address the challenge of efficient optoelectronic modulation beyond the
diffraction limit, offering a novel pathway for the development of highly integrated optoelectronic
interconnect chips.

Merging 2D materials and atomically smooth gold crystals: challenges
and opportunities

Vladimir Zenin
University of Southern Denmark, Denmark
Contact Email: zenin@mci.sdu.dk

Revealing the Secrets of 2D Materials: Nanospectroscopy and Nano-
Imaging llluminate Structure-Property Relationships in Complex Materials

S. N. Gilbert Corder and H. A. Bechtel
Lawrence Berkeley National Lab, USA
Contact Email: SGilbertCorder@Ibl.gov

Synchrotron infrared nanospectroscopy (SINS) combines the broad bandwidth and brightness of
synchrotron infrared radiation with scanning near-field optical microscopy (s-SNOM), enabling direct
probing of elementary excitations of functional materials spanning the mid- and far-infrared with ~ 20 nm
spatial resolution. The Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory operates
two infrared beamlines (Beamlines 2.4 and 5.4) with SINS instruments that are freely available to users
with an approved scientific proposal.

| will discuss the capabilities of the ALS infrared beamlines by highlighting some recent collaborative
measurements on 2D materials, focusing on light-matter coupling [1], lattice strain [2], and carrier density
[3]. I will also discuss some recent advances in the technical capabilities at the beamlines, which have
direct applications to the study of 2D materials specifically and quantum materials in general.
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Plenary Talk: Antiferromagnetic Spintronics with Multiferroics

Ramamoorthy Ramesh
Rice University, Houston, Texas, USA

Contact Email: rr73@rice.edu

Over the past decade the oxide community has been exploring the science of ferroic materials as crystals
and in thin film form by creating epitaxial heterostructures and nanostructures. Among the large number
of materials systems, there exists a small set of materials which exhibit multiple order parameters; these
are known as multiferroics, particularly, the coexistence of ferroelectricity and some form of ordered
magnetism (typically antiferromagnetism). The scientific community has been able to demonstrate electric
field control of both antiferromagnetism and ferromagnetism at room temperature. There are some very
intriguing new developments in SOT based manipulation of magnets. Particularly, the role of epitaxy and
electronically perfect interfaces has been shown to significantly impact the spin-to-charge conversion (or
vice versa). Current work is focused on ultralow energy (1 attoJoule/operation) electric field manipulation
of magnetism with both voltage and current, as the backbone for the next generation of ultralow power
electronics. We are exploring many pathways to get to this goal. In this talk, | will describe our progress to
date on this exciting possibility.

Oxide Materials for Spintronics

Jian Shen
Fudan University, Shanghai, China
Contact Email: shenj5494@fudan.edu.cn

For magnetic oxides, competition between various types of exchange interactions has often led to striking
physical properties that are highly tunable by external fields. Such tunability is desirable for spintronic
applications. In this talk, | will show how one can use electric field to control magnetic domain structures
and interfacial ferroelectricity in oxides thin films and heterostructures, giving rise to the ability to control
spin-dependent transport using electric field. The electric field control of magnetic domain structures in
oxides is achieved based on the understanding of the physical origin of domain formation in oxides, which
is well beyond conventional Landau-Lifshitz theory. We have successfully fabricated various oxides-based
spintronic devices, which all exhibit promising functionality with low energy consumption. To finish, | will
discuss the future of oxides spintronics from my own perspective.
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Functional topological defects: materials at the edge of order

Jan Seidel
University of New South Wales, Sydney, Australia
Contact Email: jan.seidel@unsw.edu.au

Topological structures in ferroic functional materials such as domain walls and skyrmions attract attention
due to their intriguing properties and application potential in nanoelectronics. | will discuss our recent
work on various ferroelectric and multiferroic materials systems using scanning probe microscopy as the
main investigative tool, which is combined with insight from electron microscopy and ab-initio theory, and
discuss future prospects of this evolving research field.

Sliding Ferroelectricity

Kenji Yasuda
Cornell University, USA
Contact Email: kenji.yasuda@cornell.edu

Achieving atomically thin ferroelectric materials for the use in ferroelectric non-volatile memory remains a
significant challenge in materials science, primarily due to the depolarization effects in ultra-thin scales. To
address this challenge, we present a novel approach to engineering atomically thin ferroelectrics using van
der Waals heterostructures. Our method involves artificially inducing ferroelectricity by manipulating the
stacking angle of non-ferroelectric materials such as bilayer boron nitride and bilayer transition metal
dichalcogenides. This technique enables us to produce atomically out-of-plane ferroelectrics that operates
as a non-volatile memory at room temperature.

We specifically highlight its device performance as a ferroelectric field effect transistor. The artificial
ferroelectrics offers atomically thin devices that enables ultrafast (< 1 ns) and high-endurance switching (>
10" cycles without any degradation), which outperforms the traditional constraints conventional
ferroelectrics. This exceptional performance stems from the unique ferroelectric mechanism, where the
polarization is switched by the interlayer sliding motion between the van der Waals layers.

Additionally, we introduce the novel concept of moiré ferroelectrics achieved by twisting the two layers.
This results in a unique ferroelectric state characterized by an alternating out-of-plane polarization
network. We further discuss the utility of moiré ferroelectrics as substrates to modulate the band structure
of 2Dmaterials in momentum space.
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Quantum microscopy of antiferromagnetic and ferroelectric materials

Christian Degen
ETH Zurich, Switzerland
Contact Email: degenc@ethz.ch

Diamond has emerged as a unique material for a variety of applications, both because it is very robust and
because it has defects with interesting properties. One of these defects, the nitrogen-vacancy center (NV
center), has a single spin associated with it that shows quantum behavior up to room temperature. Our
group is harnessing the properties of single NV centers for high-resolution magnetic sensing applications.
In this talk, | will introduce the basic technology and concepts of diamond-based quantum sensors and
their integration into scanning probe microscopes. | will then present examples of applications to
nanoscale materials, including the magnetic imaging of domains and domain walls in antiferromagnets,
and the electrical imaging of domains in ferroelectrics and multiferroics.
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Visualizing supersonic electron flow in an electronic de Laval nozzle

Abhay N. Pasupathy’ ?, Johannes. Geurs? 3, Itai Keren?, Tatiana A. Webb?, Yinjie Guo?, T.
Taniguchi®, K. Watanabe®, Cory R. Dean?
1 Department of Physics, Columbia University, New York, NY, USA
2 Condensed Matter Physics and Materials Science Division, Brookhaven National Laboratory, Upton, NY, USA

3 Columbia Nano Initiative, Columbia University, New York, NY, USA
4 National Institute for Materials Science, 1-1 Namiki, Tsukuba, Japan
Contact Email: apn2108@columbia.edu

Electronic properties arise from phenomena at a multitude of length scales from sub-atomic to
macroscopic. Atomic force microscopy provides a multimodal lens on the rich mesoscale electronic,
magnetic, optical, and mechanical structure of 2D materials to bridge the gap between nanoscale local
properties and global device properties.

Clean materials systems with strong carrier-carrier interactions can reach a regime in which current flow is
hydrodynamic, opening the possibility of realizing a variety of interesting phenomena long understood in
macroscopic fluids, in microscopic electronic systems. To date, compressible flow, where the drift velocity
of the carriers is comparable to the sound velocity of the fluid, and the fluid density is no longer constant,
has been unexplored in electronic systems. In this work, we implement an electronic de Laval nozzle [1],
designed to accelerate electrons to supersonic speeds which then relax abruptly at a shock. We observe
electronic transport discontinuities consistent with supersonic flow and use Kelvin probe force microscopy
to image the associated potential profile through the encapsulated device and localize signatures of
compressible flow.

References
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Excitonic insulator in atomic double layers

Jie Shan
Cornell University, USA
Contact Email: jie.shan@cornell.edu
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Exciton, charge and spin lattices in moiré heterostructures

Alexander Hogele
Ludwig-Maximilian-University of Munich, Germany
Contact Email: alexander.hoegele@Imu.de

Semiconductor van der Waals heterostructures with near-resonant band alignment and non-
commensurate lattices such as MoSe2/MoTe2 [1] and MoSe2/WS2 [2] constitute peculiar model systems
for excitons, charges and spins localized on moiré lattices. Being robust against mesoscopic lattice
reconstruction [3] due to sizable lattice mismatch, they exhibit canonical periodic moiré potentials, while
near-resonant band alignment induces hybridization of exciton states across the constituent layers. Using
cryogenic optical spectroscopy of moiré excitons, we study the effects of correlated charge and spin
ordering in such moiré heterostructures with different twist-angle configurations, highlighting emergent
magnetism phenomena on effective monolayer and bilayer Hubbard triangular lattices [4]. Moreover, by
employing open cavities, we establish control over neutral and charged moiré exciton-polaritons in the
regime of strong light-matter coupling, thereby expanding the realm of moiré phenomena in van der Waals
heterostacks.
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Revealing intrinsic domains and fluctuations of moiré magnetism by a
guantum microscope

Chunhui Du
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 Crls. We show that intrinsic moiré domains of opposite
magnetizations appear over arrays of moiré supercells in low-twist-angle tDT Crls [1]. In addition, spin
fluctuations measured in tDT Crl; reveal two distinct magnetic phase transitions with separate critical
temperatures within a moiré supercell. 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 [2, 3].
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Magnetic properties of orbital Chern insulators in graphene moiré
heterostructures

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

Moiré superlattices, which arise from small rotational misalignment between layers in van der Waals
heterostructures, provide a powerful way to control the interactions and topology of electronic bands. For
example, small-angle twisted monolayer-bilayer graphene (tMBG) features narrow moiré minibands with
Chern numbers that could be tuned by the electric displacement field. My talk will focus on quantum
anomalous Hall (QAH) states that emerge in tMBG. In contrast to magnetically doped topological
insulators, these QAH states are driven by intrinsic strong interactions, which polarize the electrons into a
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single moiré miniband with Chern number of C = 2. The magnetization of these “orbital Chern insulators”
(OCl) arises predominantly from the orbital motion of the electrons rather than the electron spin. This
orbital character of the magnetization allows one to control its magnitude and even change the sign by
gate-tuning the chemical potential. Such curious magnetic properties of OCls enable non-volatile electrical
switching of the magnetic and topological orders. In addition to QAH states at integer fillings of the moiré
superlattice unit cell, tMBG also features QAH states at half-integer fillings. These states are consistent
with topological charge density wave states that partition a C=2 spin- and valley-polarized band into two
C=1 sub-bands by the spontaneous doubling of the superlattice unit cell.
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Layered materials for (quantum) photonics

Andrea Ferrari
University of Cambridge, UK
Contact Email: acf26@cam.ac.uk

Exciton-polaron spectroscopy of moiré heterostructures

Brian Gerardot
Heriot-Watt-University, Edinburgh, UK
Contact Email: B.D.Gerardot@hw.ac.uk

In transition metal dichalcogenide semiconductors, momentum-direct electrons and holes at K valleys
form tightly bound intralayer excitons. When dressed by a Fermi sea, these excitons form many-body
states described as attractive exciton—polarons (AP) and repulsive exciton—polarons which exhibit distinct
behavior depending on the valley hosting the Fermi sea. For doping at +K, dominant phase-space-filling
effects cause an overall blueshift in the AP, whereas doping at other valleys leads to a continuous redshift
due to bandgap renormalization. Contrasting properties in an applied magnetic field also manifest for
excitons dressed by carriers in different valleys: K-valley holes are highly spin polarized and exhibit strong
magnetic interactions with excitons at tK whereas magnetic interactions are substantially reduced for
carriers located at non- K-valleys. Here we will use the signatures of exciton-polaron behavior to uncover
different band-structures in homo-TMD devices (monolayers and bilayers) as well as in moiré
heterostructures where strongly correlated states are observed in both K-valley and I'-valley derived moiré
bands.

Extended spatial coherence of interlayer excitons in MoSe,/WSe;
heterobilayers

Alexander Holleitner
TU Munich, Germany
Contact Email: holleither@wsi.tum.de

We report on the spatial coherence of interlayer exciton ensembles as formed in MoSe,/WSe;
heterostructures and characterized by point-inversion Michelson-Morley interferometry below a bath
temperature of 10 K. The measured spatial coherence length of the interlayer excitons reaches values
equivalent to the lateral expansion of the exciton ensembles. | will discuss how this coherence can be
understood as a fingerprint for a possible exciton condensation at low temperature.

| thank the very fruitful collaboration with M. Troue, J. Figueiredo, A. Knorr, and U. Wurstbauer, and
acknowledge financial support from the DFG and MCQST.
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Slip avalanche and non-volatile optical switch in rhombohedral stacked
MoS,

Ziliang Ye
University of British Columbia, Canada
Contact Email: zlye@phas.ubc.ca

The tunability of the stacking order in van der Waals materials provides a new and powerful method to
engineer their physical properties. In parallel-stacked transition metal dichalcogenides, also known as the
rhombohedral stacking order, the equilibrium atomic structure is asymmetric between layers, leading to a
spontaneous electrical polarization. Under an external electric field, the layer configuration and its
associated polarization can be switched - a phenomenon recently termed as sliding ferroelectricity. We
experimentally measured the polarization strength and its spatial distribution in chemically synthesized
rhombohedral MoS,. We observed that the domain size distribution follows a power-law distribution,
suggesting that the shear strain occurring during the mechanical exfoliation can induce an avalanche of
domain wall motion. These pre-existing domain walls were found to be crucial for the polarization
switching behavior and we leveraged them to achieve a non-volatile control over the optical response of
these layered semiconductors.

Exciting Moiré Materials for Quantum Matter

Ajit Srivastava
Emory University, Atlanta, USA
University of Geneva, Switzerland
Contact Email: ajit.srivastava@unige.ch , ajit.srivastava@emory.edu

The study of strongly interacting electrons in moiré heterostructures of semiconducting transition metal
dichalcogenides (sTMDs), such as WSe2 and WS2, has led to the discovery of long sought-after quantum
phases and behavior. In addition, strong light-matter interactions in sSTMDs give rise to robust optically
active excitons and their charged complexes. However, a system of strongly interacting excitons in TMDs
remains largely unexplored.

In this talk, | will begin by presenting our recent observation of many-body interaction-induced transition
between quadrupolar and dipolar excitons in a trilayer van der Waals heterostructure of sTMDs. This
many-exciton transition can be attributed to anisotropic nature of dipolar interactions. Next, | will present
a system of correlated electrons and moiré excitons as a rich platform to study and create quantum matter
in a driven-dissipative setting.
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Near-coherent Quantum Emitters in Hexagonal Boron Nitride with
Discrete Polarization Axes
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Milos Toth®f and Igor Aharonovich?f
a University of Technology Sydney, New South Wales, Australia

b Wigner Research Centre for Physics, Budapest, Hungary
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d E6tvds Lordnd University, Budapest, Hungary
e Linképing University, Linkdping, Sweden
f, University of Technology Sydney, New South Wales, Australia
Contact email: jonathon.horder@student.uts.edu.au

Coherent single photon sources are a central component of scalable photonic quantum technologies [1].
Among solid state sources, the 2D material hexagonal boron nitride (hBN) has attracted increasing interest
due to reports of bright, stable linearly-polarized quantum emitters with a broad range of emission
wavelengths [2,3]. However, none of the hBN quantum emitters reported to date possess the combination
of properties needed for deterministic incorporation in scalable on-chip devices — in particular a consistent,
reproducible emission energy, near-lifetime-limited linewidths, and discrete polarization axes within the
hBN crystal lattice. Whilst each of these properties has been observed for some hBN emitters in isolation
[4,5], all three are needed for their deterministic integration in quantum coherent devices.

Of the various quantum emitters observed in hBN, the B center defect is compelling because it can be
engineered on demand with a site-specific fabrication technique, and it has a highly-reproducible emission
wavelength [6,7]. Consequently, the defect was used in preliminary demonstrations of photon
indistinguishability [8] and of incorporation in rudimentary devices [9]. However, exploitation of the B
center in practical quantum coherent systems requires the combination of a long photon coherence time,
and a discrete number of well-defined polarization axes within the hBN crystal lattice.

Here we use spectral hole burning (SHB) spectroscopy to sidestep linewidth broadening caused by spectral
diffusion [10], and observe near-lifetime-limited lines of a few hundred MHz. Dual resonant lasers are
employed via coupling to a common single mode launching fiber, and resonance fluorescence from B
centers is detected through the phonon sideband. A high power pump laser at fixed wavelength saturates
a subensemble of the optical transition space, and a second lower power probe laser scans across the
saturated region to produce a resonant photoluminescence spectrum with a characteristic Lorentzian dip
or “hole”. The hole width is proportional to the homogeneous linewidth, i.e. the linewidth due only to
energy-time uncertainty and electron-phonon interactions during spontaneous emission. In the low power
limit (Fig 1a) the homogeneous linewidth is close to the lifetime limit, indicating a small presence of
phonon dephasing.

To further analyse the extent of emission variation we perform resonant emission polarization
measurements over dozens of B center sites. Orientation statistics show that the B center has one of three
discrete in-plane polarization axes separated by 60° (Fig 1b). This clustering can be explained within the
framework of Jahn-Teller (JT) distortion of the proposed negatively charged nitrogen split interstitial
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defect. Density functional theory simulation shows that the ground state wavefunction inherits the
threefold C,y symmetry from the hBN crystal lattice, but JT distortion in the excited state breaks the
symmetry leading to linearly polarized emission along one of three directions correlated with the host
lattice.

These results are significant as they suggest that, absent spectral diffusion, the B center can be expected to
source coherent single photons suitable for quantum photonics applications. The uniformity of emission
extends to polarization, with only three possible orientations seen across a single flake domain region. This
feature could be leveraged for optimal cavity coupling, opening up emission rate enhancement and further
improving the coherence properties.
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Fig. 1. Single photon coherence and polarization orientation. a) Homogeneous linewidth extracted from
power dependent holes burned into the resonant luminescence spectrum from an ensemble of B centers.
The power-independent linewidth Mom = 200 MHz is close to the Fourier transform limit (FTL) of ~80 MHz.
b) Emission polarization measurements under circularly polarized resonant excitation reveal a discrete
clustering of values, indicating the in-plane optical dipole takes one of three orientations correlated with
the hBN lattice symmetry.
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Quantum sensing at megabar pressures

Norman Y. Yao
Harvard University, Cambridge, MA, USA
Contact Email: nyao@fas.harvard.edu

Pressure alters the physical, chemical and electronic properties of matter. By compressing a material
between two opposing brilliant cut diamonds, the diamond anvil cell enables tabletop experiments to
reach pressures more than a million times that of atmospheric pressure. Since its development over half a
century ago, it has enabled experiments to directly access pressure as a thermodynamic tuning parameter
and has had a dramatic impact on quantum science, chemistry and materials physics. Among these
impacts, a tremendous amount of recent attention has focused on the discovery of superconductivity in a
class of hydrogen-based materials. When compressed to megabar pressures, these so-called super-
hydrides are believed to exhibit the highest known critical temperatures, and have led to a nascent field
that is equal parts exciting and controversial. Part of this controversy stems from the nature of the tool
itself: especially at high pressures, it is tremendously challenging to extract local information from within a
diamond anvil cell.

In this talk, | will describe a new approach to directly "see" the physics inside the science chamber of a
diamond anvil cell at ultra-high pressures. The basic idea is deceptively simple: We directly integrate a thin
layer of sensors into the surface of the diamond anvil that is actually applying the pressure. | will
demonstrate the ability to perform diffraction-limited imaging of both stress fields and magnetism, with
the latter allowing us to image the magnetic field expulsion associated with superconductivity. Applying
our techniques to cerium hydride, we observe the dual signatures of superconductivity: diamagnetism
characteristic of the Meissner effect and a sharp drop of the resistance to near zero. By locally mapping
both the diamagnetic response and flux trapping, we directly image the geometry of superconducting
regions, showing marked inhomogeneities at the micron scale.

Bound exciton complexes as single photon sources

Goki Eda
National University of Singapore, Singapore
Contact Email: g.eda@nues.edu.sg

Atomic defects in semiconductors are an attractive building block for solid-state quantum technology. In
2015, defects in two-dimensional (2D) semiconductors such as monolayer WSe; were found to exhibit
single photon emission, attracting great attention as promising candidates in quantum photonic devices.
These 2D semiconductors, characterized by strong excitonic effects, are expected to host a variety of
defect-bound excitons that are rich in physics, inheriting the unique properties of the host crystal.
However, the structural and physical origin of bound excitons remains elusive, hindering strategic defect
engineering. | will discuss determination of the many-body nature of bound excitons through electro- and
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magneto-optical spectroscopy [1-3]. In monolayer WS; substitutionally doped with Nb at parts-per-million
(ppm) levels, we find that individual dopants manifest as narrow emission lines. These peaks show
common features of quantum emitters such as spectral jittering, homogeneous broadening and
antibunching as verified by second-order autocorrelations. Magnetic field dependence of the emitters
reveal their origin to be bound exciton complexes comprising dark excitons and negatively charged Nb.
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Novel Instrumentation for 2D Characterization: Combined Magneto-
Optical Magneto-Transport

Angela Hight Walker
National Institute of Standards and Technology, Gaithersburg, MD, USA
Contact Email: angela.hightwalker@nist.gov

Raman spectroscopy, imaging, and mapping are powerful non-contact, non-destructive optical probes of
quasiparticles and fundamental physics in graphene and other related two-dimensional (2D) materials,
including layered, quantum materials. An amazing amount of information can be quantified from the
Raman spectra, including layer thickness, disorder, edge and grain boundaries, doping, strain, thermal
conductivity, magnetic ordering, and unique excitations such as magnons and charge density waves. Most
interestingly for quantum materials is that Raman efficiently probes the evolution of the electronic
structure and the electron-phonon, spin-phonon, and magnon-phonon interactions as a function of laser
energy and polarization, temperature, and applied magnetic field. Our unique magneto-Raman
spectroscopic capabilities will be detailed, enabling spatially-resolved optical measurements while
simultaneously measuring electrical transport in a back-gated graphene Hall bar device. Raman and
electrical data from an hBN-graphene-hBN device operating in the quantum Hall regime will demonstrate
our novel capabilities. In addition, unconventional quantization plateaus from a PNP junction created via
spatial photodoping by the Raman laser will be presented. Lastly, results from a series of 2D magnetic
material systems showing multi-quasiparticle interactions observable in our novel measurement system
will be highlighted.

58



Friday| June 7, 2024

Session 12: Optical spectroscopy of 2D materials — Part IV

Cryomagnetic Raman and PL micro-spectroscopy of 2D materials using
chiral light

Jana Vejpravova
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Contact Email: jana.vejpravova@ matfyz.cuni.cz

Controlling Excitons in van-der-Waals materials in tunable optical cavities

Christian Schneider
Carl von Ossietzky University of Oldenburg, Germany
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 all be exploited for implementing novel photonic devices, and
for fundamental, as well as quantum photonic investigations in the framework of cavity quantum
electrodynamics [1].

I will discuss the implementation of open optical cavities in liquid helium free optical cryostats [2], which
are ideally suited for the study of exciton-polaritons using 2D materials. | will address examples of such
experiments, including cavity-controlled temporal dynamics of trapped excitons in the weak coupling
regime, the magnetic properties of charge-correlated exciton-polaritons in the regime of strong light-
matter interaction and give perspectives towards polaritonics at telecommunication wavelength.
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Scan-probe Imaging Optical Quasiparticles in 2D Materials

William Wilson
Harvard University, USA
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Landau phonon polaritons in Dirac heterostructures

Mengkun Liu
Stony Brook University, USA
Contact Email: mengkun.liu@stonybrook.edu

The ability to create and control polaritons, which are hybrid light-matter quasiparticles, is crucial for
advancing the field of nanophotonics. In this talk, | will demonstrate the creation and modulation of a novel
collective excitation mode referred to as Landau-phonon polariton (LPP) in a quantized manner using
magnetic fields. This mode is rooted in the strong coupling between Landau polaritons (inter-Landau level
magnetoexcitons) in charge-neutral graphene and phonon polaritons in its adjacent hBN layers. We show
the total 'shutdown' of LPP propagation using magnetic control and the probing of ‘forbidden’ Landau level
transitions. Our approach establishes magneto-nanoscopy, an s-SNOM coupled with a high magnetic field
up to 7T, as a versatile platform for exploring polaritons and quantum Hall physics at the nanoscale. Our
preliminary research also sets the stage for future spectroscopic investigations of the topological and chiral
photonic phenomena in complex quantum materials using low-energy photons.

IR and THz nanoscopy of ultra-confined phonon and plasmon polaritons

Rainer Hillenbrand
nanoGUNE, Donastia- San Sebastian, Spain
Contact Email: r.hillenbrand@nanogune.eu

Phonon and plasmon polaritons — light strongly coupled to optical lattice vibrations and electron
oscillations, respectively - can exhibit ultra-short wavelengths, long lifetimes and strong field confinement,
which allows for manipulating IR and THz fields at the nanometer scale. Here we use scattering-type
scanning near-field optical microsocpy (s-SNOM) and nanoscale Fourier transform (nano-FTIR)
spectroscopy to study in real space stong light-matter interaction between IR phonon polaritons in h-BN
nanoresonators and molecular vibrations in adjacent organic layers, IR phonon polaritons in large-scale

CVD grown h-BN multilayers and in-plane anisotropic THz plasmon polaritons in monoclinic silver telluride
platelets.
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Structurally engineered a-MoO3 materials for anisotropic phonon
polaritonics

Qingdong Ou
Macau University of Science and Technology, China
Contact Email: gdou@must.edu.mo

Manipulating photons at the nanoscale and developing low-loss on-chip photonic and optoelectronic
devices are the focus of research in the field of nanophotonics. The key issue is how to achieve high
confinement and propagation control of light in the 2D plane. Polaritons, hybrid light-matter waves, enable
nanoscale control of light. Particularly large polariton field confinement and low losses have been found in
graphene and 2D van der Waals materials.

Here, we present our recent progress in manipulating in-plane hyperbolic phonon polaritons from the
perspective of material engineering. Firstly, by fabricating twisted a-MoOs bilayers [1] and van der Waals
heterostructures, we experimentally observed photonic magic angles and tunable topological transitions of
phonon polaritons. At the transitions, the photonic dispersion flattens, exhibiting low-loss tunable
polariton canalization and diffractionless propagation. Secondly, via structural engineering, we
demonstrate unidirectional excitation and diffraction of hyperbolic polaritons [2] and low-symmetry Bloch
modes in hyperbolic polaritonic crystals [3]. Lastly, we show monolithic-structured van der Waals
hyperbolic crystals for planar refraction and focusing of volume-confined phonon polaritons. [4].
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Engineer polaritons in van der Waals materials

Siyuan Dai
Auburn University, USA
Contact Email: sdai@auburn.edu

The manipulation of light at small scales is one of the ultimate goals for nanophotonics. For this purpose,
polaritons—hybrid light-matter waves propagating in a confined length scale—are typically involved.
Recent results of polaritons in van der Waals (vdW) materials reveal a series of advances, including atomic-
scale localization, dynamic tunability, relative low-loss, and topologically protected states. These advances
are attributed to the unique physical properties of reduced dimensions. In this talk, | will describe the new
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advances of polaritons by van der Waals engineering. | will start with the vdW stacking, where dynamic
tunability, loss elimination, and charge transfer can be implemented to control polaritons. In addition to
stacking, the polariton wavefronts can be delicately engineered by twisting extremely anisotropic biaxial
crystals. Moreover, microstructuring vdW crystals lead to evident alteration of the reflection phase of
nano-polaritons following a fundamental math principle. Furthermore, a new materials engineering
method can be established by strategically positioning various isotopes into isotope heterostructures,
where we showcased this method in engineered new energy-momentum dispersions for hyperbolic
polaritons.
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Scanning SQUID-on-tip microscopy of 2D and chiral magnetism
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The ability to map magnetic field sensitively and on the nanometer-scale — unlike global magnetization or
transport measurements — overcomes ensemble or spatial inhomogeneity in systems ranging from arrays
of nanometer-scale magnets, to superconducting thin films, to strongly correlated states in van der Waals
heterostructures. Local imaging of nanometer-scale magnetization, Meissner currents, or current in edge-
states is the key to unraveling the microscopic mechanisms behind a wealth of new and poorly understood
condensed matter phenomena.

| will discuss efforts in our group aimed at developing and applying high-sensitivity, high-resolution, non-
invasive magnetic scanning probes. In particular, we have been developing superconducting sensors, based
on nanometer-scale superconducting quantum interference devices fabricated at the apex of a scanning
probe tip. | will discuss recent imaging experiments with these tools on 2D and chiral magnets, including
Cr,Ge;Teg, CrSBr, Cu,0Se0s, which yield new insights into their underlying magnetism.

Magnetic imaging of integer and fractional Chern insulating states in
tMoTe;

Canxun Zhang?, Evgeny Redekop?, Heonjoon Park?, Jiaqi Cai?, Eric Anderson?, Owen Sheekey?,
Trevor Arp?, Ruoxi Zhang!, Grigory Babikyan?, Samuel Salters?, Xiaodong Xu?, Andrea F. Young?
1 Department of Physics, University of California, Santa Barbara, USA
2 Department of Physics, University of Washington, Seattle, USA
Contact Email: canxun_zhang@ucsb.edu; andrea@physics.ucsb.edu

Fractional Chern insulators (FCls) [1-7] are topologically ordered two-dimensional (2D) electronic ground
states that generalize the fractional quantum Hall (FQH) effect to partially occupied lattice bands. Crucially,
the electron—electron Coulomb interaction in FCls is controlled by the lattice spacing rather than the
magnetic length, thus potentially enabling higher energy scales. Recently, twisted bilayers of molybdenum
ditelluride (tMoTez) have been shown via transport and optical measurements to host FCl states that
persist to zero external magnetic field [3-6], but the direct local characterization of the magnetic order and
associated thermodynamic gaps is still lacking. Here, we use nanoSQUID-on-tip microscopy to measure the
local magnetization of tMoTe; as a function of the gate-tuned charge carrier density and electric
displacement field. We observe robust signatures of orbital magnetization originating from chiral edge
modes at filling factors of -1, —2/3, and -3/5, consistent with previous reports of integer and fractional
Chern insulating states. Samples typically exhibit a high degree of disorder on the sub-micrometer length
scale, attributable to spatial variations in twist angle, displacement field offset, and charge carrier density
offset. Quantitative analysis allows us to locally determine the thermodynamic gap associated with each
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insulating state, revealing significantly greater values compared to those obtained through optical and
transport experiments that average over larger spatial areas.
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Correlated kinetic magnetism of electrons in semiconductor moiré
materials

Tomasz Smolenski
ETH Zurich, Switzerland
Contact Email: tomaszs@phys.ethz.ch

Since the discovery of magic-angle twisted bilayer graphene, moiré bilayers consisting of two monolayers
of van der Waals materials have emerged as a highly-tuneable platform for accessing novel correlated
phases of matter. A small twist angle and/or a lattice mismatch between the constituting monolayers in
these structures gives rise to a superlattice potential that breaks the electronic bands into a series of flat
moiré minibands, which in turn sizably enhances the stability of correlated electronic phases. Recently, this
approach has led to the observation of a plethora of exotic electronic states, ranging from Mott-Wigner
crystals to fractional Chern insulators.

In this talk, | will describe our low-temperature spectroscopic experiments on magnetism of electrons in
the vicinity of a Mott insulating state in angle-aligned, AA-stacked MoSe,/WS; heterobilayer [1]. Owing to a
strong, triangular moiré superlattice potential, the electrons forming a Mott state in such a structure are
deeply localized within their moiré lattice sites, which renders their exchange interactions to be vanishingly
small. However, as soon as the Mott state is doped with electrons that form doublons at already-occupied
sites, the system begins to exhibit prominent ferromagnetic correlations, with the corresponding Curie-
Weiss temperature being proportional to the number of doublons. As proven by our density-matrix-
renormalization-group (DMRG) calculations, this ferromagnetism is not driven by inter-electron exchange
interactions, but by the minimization of the kinetic energy of doublons through the Nagaoka mechanism.
Such a kinetic origin of ferromagnetic correlations in our system is further confirmed a sizable drop in
critical temperature that we observe at 4/3 filling factor of the moiré lattice, where the doublons form a
Mott-Wigner state in which their mobility is strongly suppressed. These observations constitute a direct
evidence for kinetic Nagaoka magnetism in an extended, two-dimensional system.
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Intrinsic exchange bias effect in MnBi,Tes family

Yu Ye

School of Physics, Peking University, China
Contact Email: ye_yu@pku.edu.cn

As an A-type antiferromagnetic materials, the interlayer coupling of MnBi,Tes materials can be extensively
tuned by inserting non-magnetic Bi,Tes layers or introducing Mn-Bi site-mixing defects. The combination of
strong interlayer ferromagnetic coupling and tunable interlayer antiferromagnetic will result rich magnetic
ground orders. Through reflection magnetic circular dichroism spectroscopy, we elucidate the
antiferromagnetic-ferromagnetic coexisting magnetic orders in MnBisTe; and MnBisTeio and explore the
tunable exchange bias induced by these antiferromagnetic-ferromagnetic coexisting magnetic orders. We
further report an unprecedented exchange bias phenomenon with unique characteristics induced in
ultrathin uncompensated antiferromagnetic MnBi,Tes, in which the magnitude and direction of the
exchange bias field can be intentionally controlled by designing a magnetic field sweep protocol without
the need for a complicated field cooling process.

Novel 2D magnets and dielectrics

Zdenek Sofer
University of Chemistry and Technology Prague, Czech
Contact Email: zdenek.sofer@vscht.cz

The recent progress in methods of high quality and low defect 2D magnetic materials will be discussed.
Beside the group of transition metal halides and chalcogens also the rapidly growth family of mixed
halogen-chalcogenides will be introduced. The dominantly explored material, chromium sulfo-bromide
adopt FeOCl structure and possess A type antiferromagnetic ordering at low temperature. By various
methods of exfoliation or defect formation, this material can be converted to ferromagnetic state. The
chemistry of CrSBr including doping and possible covalent and non-covalent functionalization and its effect
on magnetic and optical properties will be presented together with possible applications in electronic
devices. Beside the two dimensional magnets, the 2D dielectric exhibit important group of materials with
crucial rule in device fabrication. The broad spectra of novel high-k 2D dielectric materials growth and
applications will be presented together with large scale crystal growth of hexagonal boron nitride at
atmospheric pressure using various metal flux.
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Adaptive learning for quantum sensing

Cristian Bonato, Muhammad Junaid Arshad, Nicholas Werren, Stefan Todd, Federico Belliardo,

Yoann Altmann, Erik Gauger
Heriot-Watt-University, Edinburgh, UK
Contact Email: c.bonato@hw.ac.uk

| will describe our effort to develop "smart" spin-based quantum sensors that self-optimise themselves to
operate in the regime of maximum sensitivity [1-4]. | will present an adaptive approach, based on Bayesian
estimation, to estimate the key decoherence timescales (T1, T2* and T2) and the corresponding decay
exponent for a single qubit, using information gained in preceding experiments. This approach reduces the
time required to reach a given uncertainty by a factor up to an order of magnitude, depending on the
specific experiment, compared to curve fitting data taken on a pre-determined parameter range. | will
further describe our current work on real-time optimization with pulse sequences developed by model-
aware reinforcement learning [5]. Smart quantum architectures, that self-optimise themselves to
automatically operate with optimal settings, will significantly facilitate the adoption of quantum
technologies by non-expert users.

In the last part of my talk, | will describe our new Attocube/QZabre scanning probe single-spin quantum
sensing system, and how it can be used to investigate novel physics in 2D heterostructures.
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P1. Controlled Growth of BiSb(Tel-ySey)3 Nanocrystals 3D Topological
Insulator by Chemical Vapor Transport

Nour Abdelrahman?, Titouan Charvin?, Samuel Froeschke?!, Romain Giraud?, Alexey Popov?,
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Since its discovery, three-dimensional (3D) topological insulator (Tl) attracted attention with their unique
spin-momentum locked surface states. 3D Tl materials are characterized by a full insulating gap in the bulk
and gapless surface states which are protected by time-reversal symmetry caused by strong spin-orbit
interactions. Charge transfer in these surface states is less sensitive to defects and disorder compared to
the ordinary conductive materials. A number of materials have been studied to be 3D TI, as the
prototypical Bi;Tes, Bi>Ses, and Sb.Tes compounds, followed by ternary compunds (Bii-xShy),Tes or Biy(Sei-
xTex); and the more complicated quaternary compounds as (Bi1-xSbhy)2Te1-,Se,)s (BSTS). Quaternary system
BSTS is an attractive candidate to study the nature of surface states by tuning the Dirac point through
controlling the proportion of pnictogen (Bi and Sb) and chalcogen (Se and Te) atoms. Here very high-quality
nanocrystals are required which were synthesised by chemical vapour transport (CVT) without adding a
transport agent and resulting in well-faceted single crystals. We studied the structural and
magnetotransport properties of the system BiSb(Te1.,Se,)s (Se = 0.0, 0.01, 0.02,....0.09). The chemical
composition and structure of the nanocrystals were analyzed by energy dispersive X-ray spectroscopy,
scanning electron microscopy, and atomic force microscopy. The high quality of the grown nanocrystals
and the R™3m crystal structure was confirmed by high-resolution transmission electron microscopy as well
as magnetotransport measurement.
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In this work, we experimentally and theoretically study surface plasmon polaritons (SPPs) on atomically flat
single crystalline gold platelets of both long- and short-range types. Short-range surface plasmon
polaritons are difficult to observe compared to long-range SPPs due to high attenuation losses, which
shorten their propagation length. To investigate the complete SPP interference pattern on single crystalline
gold platelets, we utilize a reflection s—=SNOM combined with a tunable broadband laser source. We
disentangle excitations coming both from the scanning tip and the gold platelet edges by applying a Fourier
analysis method. This allows us to determine the SPP wavelength and furthermore identify hidden
excitations covered by interference of other channels. Fourier filtering makes it possible to identify the
propagation direction of short-range surface plasmon polaritons, as well as their propagation length. We
explore the impact of platelet thickness on the short-range SPP wavelength, which in the future will give us
another tuning parameter for scaling and combining complex near-field optical microscopy with
topological plasmonics. In addition to this, we delve into the analysis of how the excitation of surface
plasmon polaritons is influenced by polarization. Towards the end of this research work, we explore
methods to manipulate the interference patterns of SPPs by employing focused ion beam milling to
fabricate structures such as circles or hexagons on the surface of gold platelets.
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The assembling of twisted stacks of van der Waals (vdW) materials had led to the discovery of a profusion
of remarkable physical phenomena, as it provides a means to accurately control and harness electronic
band structures. This has given birth to the so-called field of twistronics. An analogous concept has been
developed for highly confined polaritons[1], or nanolight, in twisted bilayers of strongly anisotropic vdW
materials [2-4]. The emergence of exotic topological transitions of the polaritonic dispersion at a given
twist angle (photonic magic angle) results in the propagation of nanolight along one specific direction
(canalization regime), holding promises for unprecedented control of
Top the flow of energy at the nanoscale. However, there is a fundamental
limitation in current twistoptics that critically impedes such control:
f iio) there is only one photonic magic angle (and thus canalization direction)
: 2 in a twisted bilayer and it is fixed for each incident frequency. Here, we
overcome this fundamental restriction by demonstrating the existence
of multiple spectrally robust photonic magic angles in reconfigurable
twisted vdW trilayers. As a result, we show that canalization of
nanolight can be programmed at will along any desired in-plane
direction in a single device, and, importantly, within broad spectral
ranges of up to 70 cm-1. Our findings lay the foundation for robust and
widely tunable twistoptics, opening the door for applications in
nanophotonics where on-demand control of energy at the nanoscale is
crucial, such as bio-detection, thermal management, or nanoimaging.
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Figure 1: (a) Schematic of a twisted biaxial system made of three a-
MoO3 layers. (b) Schematic of the excitation of polaritons in a twisted biaxial system by a scattering-type
scanning near-field optical microscopy (s-SNOM).
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We report combined experimental and theoretical studies of transition metal dichalcogenide
heterobilayers with rigid moiré superlattices controlled by the twist angle. Using an effective continuum
model that combines resonant interlayer electron tunneling with stacking-dependent moiré potentials, we
identify the nature of moiré excitons and the dependence of their energies, oscillator strengths and Landé
factors on the twist angle. Using the same framework, we interpret distinct signatures of bound complexes
among electrons and moiré excitons in nearly collinear heterostacks. Our work provides fundamental
understanding of hybrid moiré excitons and trions in heterobilayers, and establishes material systems like

MoTe,/MoSe; and MoSe,/WS; as prime candidates for optical studies of correlated phenomena in moiré
lattices.
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We study the near-field of quasi-bound-states-in-the-continuum (BIC) array metasurfaces via transmission
mode scattering scanning near-field microscopy (s-SNOM). We show that the collective modes of the
resonator arrays depend heavily on the array size, as well as the direction and asymmetry of its elements.
We find that 10x10 is the minimum size at which the collective modes exhibit behaviours characteristic of
quasi-BICs.

As an excellent tool to enhance light-matter interactions, dielectric metasurfaces supporting quasi-bound-
states-in-the-continuum enable extreme field confinement and ultra-high quality factors [1] as they do not
experience detrimental intrinsic absorption loss as is the case with metallic metasurfaces utilizing
plasmonic modes. Except from studies using electron energy loss spectroscopy or cathodoluminescence
spectroscopy [2], the near-field response of individual resonators has so far not been experimentally
studied, specifically how dimensions, shape of arrays and resonator asymmetry could impact the collective
quasi-BIC mode. Here we introduce imaging of quasi-BIC arrays using mid-infrared scattering scanning
near-field optical microscopy (s-SNOM) in transmission mode, a technique successfully used previously to
characterize the near-field response of dielectric nanostructures [3] and thus proven as an excellent tool to
map the near-field distribution of single, few-um sized resonators. Using s-SNOM, we recorded near-field
images of optical amplitude and phase of pairs of tilted Silicon ellipses on CaF2 substrate at a wavelength
of 5.9 um.

We combine simulations and experimental data to determine the minimum array size at which the
collective mode expresses behaviours typically associated with BICs and show that these characteristic
field distributions are already detected at much smaller array sizes than far-field microscopy methods
would suggest. This is done by introducing a convolution method which compares simulation and
experimental images pixel-by-pixel to construct a figure of merit (FOM) which shows the strength of the
collective mode. Using this method, we also examine the effects of structural defects, directional coupling
and asymmetry on the near-field response. The goal of this study is to unite the domains of near-field
optical microscopy and BICs and to optimise the design of future metasurfaces with respect to near-field
enhancement, spatial footprint and defect tolerance.
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Moiré bilayers of van der Waals (vdW) materials are a versatile playground for studying the properties of
Chern insulators. We present here a selection of remarkable results achieved with attocube systems
technology in labs of attocube customers with emphasis on integer and fractional moiré Chern insulators
(MCIs) in vdW bilayers: Scanning magnetometry of an integer MCl, MoTe,/WSe; shows that its
magnetization can be flipped with a very low current [1], which is appealing for utilization in energy-
efficient magnetic memories. A magneto-optical study of the same heterostructure discovered a valley-
coherent nature of the quantum anomalous Hall state in this material [2]. A scanning single electron
transistor (SET) study [3] established the high field flavor phase diagram of the magic angle twisted bilayer
graphene (MATBG), identified earlier as an integer MCI at high field [4]. Scanning magnetometry also
reveals the mosaic of MCls with different Chern numbers induced by local variations in the Berry curvature
as a function of the filling factor [5]. Moreover, MATBG can also host fractional Chern insulating states
(FCIS) even in low magnetic fields B ~ 5T [6]. Finally, FCIS that survive at B = 0 have been identified
magneto-optically in twisted bilayer MoTe2 using trion sensing [7].
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Semiconductor quantum technology has become a promising platform for next-generation electronics,
enabling ultimate device miniaturization, efficiency and speed as well as chip-based optical interfacing. The
robust quantum phenomena enabled by reduced dimensionality can be harvested on wafer scale platform.
In our group, we strive to characterize technologically relevant 2D materials, in particular transition metal
dichalcogenide (TMD) monolayers, at the atomic level by means of a low-temperature scanning tunneling
microscopy (STM) and ab-initio simulations. The fundamental microscopic understanding of point defects
and local quasiparticle excitations is crucial for tailoring and exploiting the electronic*? and opto-
electronic® properties of these materials for future devices.

Our group developed a cutting edge ultrafast STM designed to investigate ultrafast dynamics on the atomic
scale®. In our lab, we generate single-cycle THz pulses for light-wave driven tunneling with picosecond time
resolution while maintaining atomic spatial resolution. Ultrafast optical pulses allow us to study transient
dynamics to explore TMD defects at the space-time limit. In my PhD, | aim to investigate ultrafast electron
dynamics and their coupling to the lattice and light degrees of freedom to challenge our understanding of
the nature at the nanoscale.
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2D magnetic materials offer unprecedented opportunities for fundamental and applied research in
spintronics and magnonics. Of particular interest is the layered metamagnet CrSBr, a relatively air-stable
semiconductor formed by antiferromagnetically-coupled ferromagnetic layers (Tc~150 K) that can be
exfoliated down to the single-layer. It presents a complex magnetic behaviour with a dynamic magnetic
crossover, exhibiting a low-temperature hidden order below T*~40 K. In this work, the magneto-transport
properties of CrSBr vertical heterostructures in the 2D limit are inspected. The results demonstrate the
marked low-dimensional character of the ferromagnetic monolayer, with short-range correlations above
Tc and an Ising-type in-plane anisotropy, being the spins spontaneously aligned along the easy axis b below
Tc. By applying moderate magnetic fields along a and c axes, a spin-reorientation occurs, leading to a
magnetoresistance enhancement below T*. In multilayers, a spin-valve behavior is observed, with negative
magnetoresistance strongly enhanced along the three directions below T*. Moreover, we fabricate an
artificial magnet by twisting 90 degrees two CrSBr ferromagnetic monolayers, thus forming an
‘orthogonally-twisted bilayer’2. The magneto-transport properties reveal multistep spin switching with a
magnetic hysteresis opening, which is absent in the pristine case. By tuning the magnetic field, we
modulate the remanent state and coercivity and select between hysteretic and non-hysteretic magneto-
resistance scenariosThese results show that CrSBr monolayer/bilayer provides an ideal platform for
studying and controlling field-induced phenomena in two-dimensions, offering new insights regarding 2D
magnets and opening a fruitful playground for creating artificial magnetic symmetries and manipulating
non-collinear magnetic textures their integration into vertical spintronic devices.
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Interlayer excitons within few-layer systems of transition metal dichalcogenides (TMDCs) have received
significant attention due to their distinctive optical and electronic characteristics. These excitons,
composed of spatially separated electron-hole pairs, possess an out-of-plane dipole moment, enabling
precise modulation of their emission energy by an applied electric field [1]. Moreover, interlayer excitons
can occur as trions involving three particles and are not confined to band-edge states. Notably, electrons
from higher conduction bands can interact with valence-band holes to form high-lying excitons emitting in
the ultraviolet spectral region. Recently, our experiments have revealed the pronounced interlayer nature
of these high-lying excitons and trions in bilayer WSe; [2]. Here, we demonstrate that the interlayer
character of these species, discernible by their out-of-plane dipole moment, is remarkably tunable by the
twist angle between the layers.
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Hexagonal Boron Nitride (hBN) is a van der Waals (vdW) crystal with a very wide bandgap and often used
as insulating layer for other vdW materials, like graphene. Luminescent centres in hBN have recently been
gathering much attention because of their brightness and their excellent quantum properties at room
temperature, which would make them competitive with state-of-the-art quantum emitters [1], like the NV
center in diamond.

Among the most studied luminescent centres in hBN, there is the charged Boron vacancy (VB-), which
features a very broad photoluminescence (PL) spectrum centered around 850 nm, along with magnetic
properties which have important applications in quantum sensing schemes [2].

In the present work, we use a Helium lon Microscope (HIM) for irradiating hBN flakes, either on bare
Si/SiO2 substrate or stacked on thick Graphite flakes, to generate luminescent centres like the VB-. We
perform in-depth PL characterization of these centres at different laser excitation wavelengths, power and
polarization, and at cryogenic temperature, for different hBN thicknesses and for varying HIM irradiation
fluences. Our results show that this technique can systematically produce high-quality luminescent
emitters, in good agreement with literature [3], and allow us to have a good benchmark for further studies
on VB- emitters in hBN.
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The study of excitations in 2D materials has benefitted greatly from near-field infrared nanospectroscopy
using both lasers and broadband synchrotron infrared sources. With the exception of some highly
advanced lasers, including FELs, the spectral range has been mostly limited to wavelengths shorter than 16
pm (i.e. above ~650 cm 1 or 80 meV). Recognizing that the synchrotron source performs well to much
longer wavelengths, we have developed a near-field infrared nanospectroscopy capability at the
22IR2/MET beamline of the National Synchrotron Light Source Il of Brookhaven Nat’l Lab (Upton, LI, NY,
USA) that is now reaching wavelengths just beyond 55 p