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Plenary Talk: Electrdnactionalization under zero magnetic field

Kin Fai Mak?23
1 School of Applied and Engineering Physosnell University, Ithaca, NY, USA
2 Laboratory of Atomic and Solid State Phystzsnell University, Ithaca, NY, USA
3 Kavli Institute at Cornell for Nanoscale Scieltbaca, NY, USA
Contact Emailkinfai.mak@-cornell.edu

Electronfractionalizationis of significant interest to both fundamental physics and topological quantu
computing. The emergence of twdimensional moiré materials provides a platform to explore the
physics otlectronfractionalizationunder zero magnet field. In this talk, | will discuss two examples o
zerofield electronfractionalizationin moiré semiconductors: 1) tHeactionalChern insulator that
spontaneously breaks the time reversal symmetry, and 2) the time reversal symimadtionalquantum
spin Hall insulator.

News from the Quantum Twisting Microscope

Shahal llani
Department of Condensed Matter Physics, Weizmann Institute of Science.
Contact Emailshahal.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 enable:
creation of pristine twedimensional interfaces between twaander-Waals layerg 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 thes
tunneling evets results in momentuntonserving tunneling. With its continuous control over the twist
angle between the layers, the QTM can scan through momentum space and map the energy band:
quantum materials. | will describe recent inelastic momentigvolved tumeling experiments, revealing
an intriguingly strong electrephason coupling in twisted bilayer graphene, as well as using the QTN
an ultrachigh-resolution single electron transistor to image the electrostatic potential landscape withi
moiré lattices.
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Plasmonic Twistronics: Discovery of Plasmonic Skyrmion Bags

H. Giesseh J. Schwah A. Neuhaus P. Dreher?, S. Tsesse#é. Mantha, F. Mangold,

B. Frank, G. Bartal, F-J. Meyer zu Heringdoff and T. JDavis 24
1.4th Physics Institute, Research Center SCoPE, and Integrated Quantum Science and Technology Center,
of Stuttgart, Germany

2. Faculty of Physics and Center for Nanointegration, University of Duisbseg, Germany
3. Andrew andrna Viterbi Department of Electrical Engineering, TecHsiael Institute of Technology, Israel
4. School of Physics, University of Melbourne, Australia
Contact Emailh.giessen@pi4.urstuttgart.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 humerically andsueed using time&esolved PEEM
vector microscopy, demonstrating that the topology contains skyrmion bags of controllable size for
certain magic angles.

Twistronics are studied intensivaly 2Dmaterials, 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 moirelatcreated by
introducing a relative twist between the upper and lower layer of the material by a twist &gt
illustrated in Figure 1 (a).

a)

Hexagonal L
lattice

<
Rotated
lattice

Moiré
superlattice

Figurel: (a) Two superimposed hexagonal lattices with a relative twist create a moiré superlat
(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 th:
topology of moiré skyrmion lattices contains skyrmion bags as complex topological quasiparticles tl
far have been demonstrated only in liquid cnjistaand 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
of rotation. The resulting electric field distribution of a skyrmion bag can be derived numerically (se:
Figure 1 (b)) and verified experimentallyngtimeresolved twephoton 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, rdipolar lightmatter-interaction, as well as
topological and quantum technologies.
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Thermodynamic measurements of correlated states in MATBG

Dmitri Efetov
Ludwig_MaximiliarUniversity of Munich, Germany
Contact EmailDmitri.efetov@Imu.de

Beyond Moiré in twisted 2D magnets: tailoring the magnetization
switching in 2D CrSBr by an orthogotvaist

S. MaiiasValerg?, C. BoixConstant, A. Rybako¥, E. Coronadd
1 Kavli Institute of Nanoscience, Délftiversity of Technology, Delft, Netherlands
2 Instituto de Ciencia Molecular (ICMol), Universitat de Valencia, Paterna, Spain
Contact EmailS.ManasValero@tudelft.nlsamuel.manas@uv.es

The advent of twist engineering in twdimensional (2D) crystals enables the design of van der Waals
heterostructures with emergent properties.[1] In the case of magnets, this approach can afford artif
antiferromagnets with tailored spin arrangemen®.Here,[3] we fabricate an orthogonatiwisted
bilayer by twisting two CrSBr ferromagnetic monolayers with an-aasyinplane spin anisotropy by 90
degrees. CrSBris a metamagnetic layered semiconductor formed by antiferromagnetoaligd
ferromagnetic layers (T2150 K) that can be exfoliated down to the sinfglger limit. The ferromagnetic
monolayer exhibits a marked ledimensional character, with sherainge correlations above Tc and an
Isingtype inplane anisotropy, being the spins spontaneously aligned alomgasy axis (b) below Tc. B
applying moderate magnetic fields along the b axis, a-#ipof the layers take place whereas, for the
intermediate and hard magnetic axis (a and ¢ axes, respectively),-eegpiantation occurs. In
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multilayers, a spitvalve behaviour is observed, characterized by negative magnetoresistance.[4] Th
taking advantage of the iplane Ising magnetic anisotropy of this 2D magnet, twisting by 90 degree:
monolayers yields to an intriguing spin scenamhere several terms compete with an applied magneti
field such as the Zeeman split energy, the interlayer magnetic interactions (which favours an antipe
orientation between the layers) and the local spin anisotropy in each CrSBr layer (whidr@eadgicular
in the twisted configuration). This case is different from the common Moiré patterns in twisted bilay:
where a modification of the band structure is reached by twisting by small angles.[1] In particular, tl
magnetatransport properties ofhe orthogonallytwisted 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 hyistanet non
hysteretic magnetoresistance scenarios. This complexity pinpoints spin anisotropy as a key aspect
twisted magnetic superlattices. Our results highlight control over the magnetic properties in van del
Waals heterostructures, leading to a vayief fieldinduced phenomena and opening a fruitful
playground for creating desired magnetic symmetries and manipulatinecotiimear magnetic
configurations.

References

[1]: Cao et al., Nature, 556 (2018) 80

[2]: Wang, Nature Materials, (2023) DOI: 10.1038/s41683017623

[3]: BoixConstant et al., Nature Materials, (2024) DOI: 10.1038/s418%8017356

Imaging quantum oscillations in strongly correlated moiré system

Eli Zeldov

Weizmann Institute of Science, Rehovot, Israel
Contact Emaileli.zeldov@weizmann.ac.il

De Haasvan Alphen quantum oscillations in magnetization have traditionally served as the prime to
determining the band structure of metals and semiconductors. Utilizing a scanning -8@tpDwe
image thermodynamic quantum oscillations with naraiscspatial 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
strainrinduced pseudomagnetic fields as low as 1 mT, corresponding to graphene twisting by 1
millidegree over 1 um distance [1]. In Bernal bilayer graphene aligneBN, we reveal complex band
structure with narrow moiré bands and multiple overlapping Fermi surfaces separated by very smal
momentum gaps. In addition to conventional oscillations obeying Onsager quantization, pronounce
quantum oscillations are fouhto arise from particldhole superposition states induced by coherent
magnetic breakdown [2]. In twisted trilayer graphene, we observe renormalization of the-piadiele
band structure by Coulomb interactions, greatly increasing the bandwidth ofahbdnds and leading tc
symmetry breaking at half filling. On approaching charge neutrality, we find the ground state to be
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nematic semimetal in which the flitand Dirac cones migrate towards the rABrillouin zone center,
spontaneously breaking th& rotational symmetry.
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Interaction, magnetism, and topology in a fractional Chern insulatc

Xiaodong Xu

Department of Physics, Department of Materi@tdence and Engineering, University of Washington, Seattle, WA
Contact Emailkkuxd @uw.edu

Twisted MoTebilayer is an emergent fractional Chern insulator with spontaneous time reversal breal
As semiconducting transition metal dichalcogenides famously exhibivsiey locking and circularly
polarized valleyoptical selection rules, a natural questiarises 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
anomdous Hall metal phase, with the helicity controlled by the magnetization direction-v@fey Hall
response is shown to tune the emission helicity, establishing the electric current as an additional cor
the PL helicity. We further show that the BDCP is a sensitive probe of the integer and fractional
gquantum anomalous Hall effects, the putative zéield composite fermi liquid state, as well as their
electric fielddriven topological phase transitions. The unprecedented optical propertieso$yistem
promise to have profound implications for spintronics, valleytronics, and topolegtaklectronic
devices.

2D Quantum Material Josephsdanctions

Mazhar Ali%3 Heng W&2 Michiel Dubbelman?
! Department of Quantum Nanoscience, Faculty of Applied Sciences, Delft University effedftahds
2 Kavli Institute of Nanoscience Delft, Delfetherlands
3 Material Mind Inc., Walnut Creek, California, USA
Contact Emailm.n.ali@tudelft.nl

Josephson junctions are an important scientific and technological devices where two superconducto
coupled together by a neauperconducting barrier, resulting in a sandwlitte heterostructure with
superconducting properties which can modulated bg barrier or magnetic field through the barrier.
Recently, great progress has been made in incorporating 2D quantum materials into these structure:
where their inherent properties can affect the tunneling superconductivity in novel ways. In this
presentaton we will discuss some of these results with particular focus on the creation ekecgrocal
superconductivity (i.e. one directional), how it is realized, and the route to its technological use.
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Halfinteger quantized Hall conductivity in magnetic topological insulé
heterostructure

Minoru Kawamura
RIKEN Center for Emergent Matter Science, Saitapan
Contact Emailminoru@riken.jp

A threedimensional topological insulator hosts a telonensional surface state with a single linear
dispersive Dirac cone. Breaking of timeyersal 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 |
the quantum conductance? h. This can be regarded as a manifestation of parity anomaly in quantum
theory. However, the halihteger quantization of the surface Hall conductivity has beesieé because
the Dirac cones always appear in pairs, and the contributions from the even number of Dirac cones .
measured simultaneously. In this presentation, we report the direct observation of théntedfer
quantized surface Hall conductivity irsgnthetic heterostructure of magnetic topological insulators, wh
only one surface is gapped by magnetic doping and the opposite one remaimagretic and gapless.
We observed half of the quantized Faraday and Kerr rotations with terahertz magpgtal
spectroscopy and haihteger quantized Hall conductivity in charge transport measurement [1].

References
[1] M. Mogi, MKetald> GO ELISNAYSyYy Gl f aA3dyl iz SERXROLIIRARE 2AK D
Phys.18, 390 (2022).

Strong interactions and isospin symmetry breaking in a supermoiré le

Amir Yacoby
Department of Physics, Harvard University, USA
Contact Emailyacoby@physics.harvaetiu

In multilayer moiré heterostructures, the interference of multiple twist angles ubiquitously leads to
tunable ultralong-wavelength patterns known as supermoiré lattices. However, their impact on the

a @ a0 S Y dady eectrpriic phase diagram remains Elggunexplored. 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 isospin symmetry, we observe an unexpected doubling of the miniband filling
ATbHI Ll2&aaAirotée AYRAOI (A Yy I-stdte p&ringrgroRiyial thike: s&ipSrcotddtir
phase. Our work establishes supermoiré lattices as a tunable paearfioe 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

Stuart S.P. Parkin
Max Planck Institute of Microstructure Physics, Halle (Saale), Germany

Contact Emailstuart.parkin@mpialle.mpqg.de

The simplest chiral spin texture is a edienensional Néel magnetic domain wall that separates two
magnetic regions that are magnetized in opposite directions. Under the influence of spin orbit torque
that are derived from spin currents that carry angut@omentum, these walls can be driven at high spet
exceeding 1 km/sec along magneticnand NBa GKI X GKSNBoeéx F2NX 4
principle of the magnetic racetrack memory that stores digital data in the form of the presemmtesence
of such chiral domain walls.

We discuss recent developments including the scaling of racetrack tdGubm widths and the first 3D
racetrack memory devices. Chiral domain walls are, however, just one member of aexpesding
family of chiral spin textures that are of great intstérom both a fundamental as well as a technologice
perspective. Recently a zoology of complex 2D and 3D spin textures stabilized by volume or interfac
DzyaloshinskiMoriya vector exchange interactions have been discovered including, in our work, anti
skyrmions, elliptical Bloch skyrmion, twddmensional Néel skyrmions and fractional antiskyrmions. Suc
nano-objects are potential candidates as magnetic storage bits on the racetrack.

Incommensurate spin crystal phases in ulinen ferromagnetic and
ferroelectric oxide layers

Marin Alexe and Samuel Seddon

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

Ferroics can form complex topological spin structures such as vortices and skyrmions, when subject
particular boundary conditions. Especially in ferromagnets these whirling magnetic structures are ch
generating abnormal behaviour such as topotagHall effect (THE) in ferromagnets. They are caused
local symmetry breaking induced for example by interface Dzyaloslkikiya interaction (DMi). We
reveal that a PbTiO3 ferroelectric layer can break the surface inversion symmetry in a con8gra@s3
layer generating a periodic chiral domain. Instead of skyrmions, the domains that emerge are an
incommensurate ¢C) spin crystal which is seen to coincide with a significant topolddieaHall effect. [1]

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

domain structureanalogue of the doubld®magnetic spin crystal phas€he periodic clockwise and anti
clockwise ferroelectric vortices are modulated by a second cycloidal ordering along their toroidal cor
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The presence of such a douliRstructure, mediated by incommensurate interactions, is a direct hint o
the electric DzyaloshinsgMoriya interaction as the counterpart of the magnetic DMi.
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Magneticelectronic coupling in the van der Waals mepalosphor trt
chalcogenides
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Magnetism is d@opic 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 agghetism on the magneto
optical properties of semiconductors in an ultimate tginensional limit found in van der Waals
transition metal phosphor trchalcogenides. A few types of magnetic effects will be discussed: The loi
range magnetic wler (e.g., ferromagnetism, arierromagnetism [AFM]); A Rashba spirbit effect;
Hyperfine interaction, and cyclotron resonaned;gaining special stabilization by the size confinement
shape anisotropy, being of special interest in emerging technologies eékgutronics and quantum
computation.

TheMetal phosphottri-chalcogenides with the general chemical formula M@®k&metal, X=chalcogenide
closely resemble the metal-dhalcogenides, but the metals are paramagnetic elements, whiletluing: of
them are replaced by phosphor pair§he metal ions within a single layer have a honeycomb arrangen
(Neel, stripe, or zigzag [see the attached scheme]) mainly producing afemathagnetic structure,
endowing those materials with unigue magnetic and magrmtical properties. Most recarmagneto
optical measuremerg will be reported, exposing the dual relation between magnetism and electronic
properties. The study tackled a few scientific questions: (1) What mechanism sustains tharigacghFM,
and whether the type of magnetic arrangement can be manipulated? &uswvork proposed a
dominancy of spirexchange coupling among next metal neighbors. To validate this assumption, we
examined the magnetic and magnetptical properties of a benchmark compound, MgR&$nbedded
with different diamagnetic cations (e.g.,2n The results designated a sustain of AFM, however, with ¢
reduction of the Neel temperature with the increase of the dopant concentration, followed by a switcl
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magnetic arrangement from Neel to Zigzag in layers at Mn: Zn ratio of 1:1, and a complete loss of A
arrangement with the dominancy of Zn ions. The gradual transitions with the increase of Zn content
reflected in shifts and polarization of the magod°L spectrum, exposing a solid magnefatical
correlation. (2) Do other moments (e.g., spirbit) dictate spin arrangement? To address this questior
comparison of magnetoptical properties among a few different compounds (Myf&Pg has been
expored. The study designated a unique behavior in Fe®8pared to the two others, exposing new
magnetic phenomena that have not been demonstrated before, supposedly related to a strorayhsipin
effect and to an inversion of symmetry breaking. A full description of observations and their analysis
given at the meeting (a representative emission spectrum of FisRftached here). The experimental
observations were corroboration by considering the electronic properties in the framework of DFT+L
studies.
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Quantum sensing of 2D magnets using sisgli® microscopy

PatrickMaletinsky
Department of Physics, University of Basel40bb Basel, Switzerland
Contact Emailpatrick.maletinsky@unibas.ch

Quantum twalevel 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 th
of concept [2] to a mature quantum technology [3], wélbroad 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 ordereeglitwensional van der Waals (vdW
materials [4]. Specifically, | will outline our exnental strategy using atiamond scanning probes and
highlight our recent advancements in their performance and functiong8ityAfter revisiting our earlier
investigations of the ferromagnet Grivhere we quantitatively imaged nanoscale magnetaati
distributions and spin textures [5], | will focus on our recent findings on the novel vdW magnet CrSBi
material stands out with its remarkable structural stability, exceptionally high ordering temperature
~140K|[6], a fascinating interplay betweeits magnetic and optical properti¢4], and a rich magnetic
phase diagranfi7]. Using direct imaging by singdpin magnetometry, we unveiled an intriguing
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coexistence of ferroand antiferromagnetically ordered phases near the gpmtransition in bilayer
CrSBr. The resolution of our approach enabled us to reveal intriguing morphologies of the phase bol
between these regions, suggesting sfemtureswith nontrivial topology that offer valuable insights into
domain wall energetics in fevayer CrSBr.

| will conclude with a perspective on upcoming advancements in samipemicroscopy for vdw
magnetism, emphasizing regpace 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

LaboratoireCharles Coulomb, Université de Montpellier and CNRS, 34095 Montpellier, France
Contact Emailvincent.jacques@umontpellier.fr

Quantum sensors based on opticadlgtive spin defects in semiconductors have found a broad variety
applications, in both basic and applied science, due to their unprecedented combination of sensitivit
spatial resolution and ability to operate undeméde range of experimental conditions. While the most
prominent example is undoubtedly the nitrogeacancy (NV) center in diamond, the exploration of
alternative spin defects and host materials remains an active field of research worldwide. In thistcon
the negativelycharged boron vacancy (VB) center in hexagonal boron nitride (hBN) is currently attrac
growing interest for the development of quantum sensing and imaging technologies ondirtvenisional
(2D) material platform. This point defeethich can be readily created by various irradiation methods, t
a spin triplet ground level whose electron spin resonance frequencies can be measured optically unt
ambient conditions and strongly depends on external perturbations. In this talk,desdtibe 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 EmailBernhard.urbaszek@ pkmtarmstadt.de

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

Atomically thin semiconductors like MoSend WSehave
intruiging optical proporties in monolayer form. Ne
dynamics and collective effects for charge carriers can
observed when these 2 materials are combined to fo
heterostructures. Through manual stackingertical
heterobilayers forming moiré superlattices can K
obtained.Lateralheterostrucures can be achieved by C
growth (chemical vapor deposition), where MeSmnd
WSe bond covaltently in the plane. In the first part of th
talk we focus onhe optical properties of these latera
heterostructures [1]. We report strategies to contrg
exciton (Coulomb bound electremole pairs) flow [2] and
we uncover fingerprints of chargeansfer excitons [3] at
the junction between the two monolayer materglwith
electron and holes residing in different materials. In tf
second part we discuss the optical properties of anoth
promising system, namely Janus monolayers SeMoS, where the top and bottom chalcogen atc
different, resulting in surprising kar and nodinaer optcial properties [4].

Room temperatur@hotoluminescence
imaging of lateral MoSeRVSe2
monolayer heterostructure
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Optically Active Spin Defects in hBN
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University of Cambridge, UK
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Manipulating interactions in 2Deterostructures using higl) nanobeam
cavities

Jonathan Finley
TU Munich, Germany
Contact Emailfinley@wsi.tum.de

This talk will discuss 2Beterostructures integrated into Si3N4 nanobeam optical cavities. These
nanobeam optical resonators host high p 1 p Ttcavity modes and allow us to explore novel light
matter couplings and multimodal vibromjeshonongphoton couplings mediated by electronic excitations
[1-6]. Figure 1 depicts schematically such nanobeam cavities, consisting openfomted, fully hBN
encapsulated 2D heterostructure placed onto a freestanding Si3N4 nanobeam that confines a single
mode over wavelength lengthscales while efficiently coupling to the excitonic system of interest
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Figure2 ¢ Schematic representation of the Si3N4 nanobeam cavity onto which a fully hBN encapsulated 2D heterostructure it

The highQ optical mode is confined over wavelength scale dimensions allow the study of the coupling of trapped moiré int
exdtons magnetically tuned into resonance with the cavity mode.

Recently, we have used such nanobeam cavities to probe novel excitonicnatics in various 2D
heterostructures. For example, BN encapsulated Me&onolayerswe observe a nonmonotonic
temperature dependence of the cavityion interaction strength, a finding consistent with the spatial
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extent of the centreof-mass exciton wave function becoming comparable to the cavity photonic mode
volume in space [1,2]. FortRpe stacked MoSeWNSe hetero-bilayers, we obtain evidence for the lasing
moiré trapped interlayer excitons (IX) as the ca¥Xydetuning is controlled using a magnetic field. Here
thresholdlike behaviour and line narrowing emerge in the pudgpendent cavity mode emissias the
IX is magnetically tuned into resonance with the cavity mode [3]. Finally, cavity QED can be used tc
identify the zerephonon line transition of the negatively charged Boron vacaa* y €enter 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 menapped interlayer
excitons in WSeMoSe heterobilayers
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Sarpkaya
Bilkent University, Turkey
Contact Emailsarpkaya@unam.bilkent.edu.tr

Semiconducting transition metal dichalcogenides (TMDs) and their van der Waals heterostructures |
been the subject of extensive research in the last decade. Although it has been demonstrated that tt
moiré superlattices of these heterostructures canunod a pronounced effect on the optical properties o
interlayer excitons (IXs), their influence on temporal coherence has not yet been thoroughly investig.
Here, we demonstrate an extensive investigation of the coherence properties of both the ensgmble
delocalized and the ensemble of moiré localized 1Xs of the hBN encapsulated/dSe
heterostructures. Using a hordauilt Michelson interferometer, we performed letemperature first
order correlation measurements, resulting in prolonged dephasing time values up-t@3D fs from the
ensemble of moiré localized EXén comparison to the values we obtained from our delocalized 1Xs, oL
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results reveal an increase of two to almost fiedd, while it is more than twdold prolonged compared to
previously reported values ot F 300 f4. The prolonged dephasing times of the meiirépped IXs in
comparison to the delocalized ones indicate that the presence of the moiré potentials within these
heterostructures significantly suppresses the dephasing mechanisms @@y €dergy acoustiphonon
and IXIX scattering). Furthermore, the results of our povdeipendent T studies show that ultrdong
dephasing times can be expected if the interferometric measurements are performed with the narrov
photoluminescence emission line of a single Maiapped IX at a low pump power regime. The prolong
T, values of IXs would be crucial for future quantum information science applications and the develo)
of two-dimensional materiabased nanolasets
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Sulfur Vacancy Related gal Trangdions in Graded Alloys of M&/1.xS
Monolayers

Yohannes Abate
University of Georgia, USA
Contact Emailyohannes.abate@uga.edu

Transition metal dichalcogenides (TMDCSs) provide a versatile platform for bandgap modihedicgh
alloying, doping, and heterostructure formation. In this study, we explore gratisilVi-x<S monolayers,
featuring a transition from a Maoich center to Wrich edges, and achievingunable bandgap of 1.85 to
1.95 eV from the center to the edge of the flake. Aberrattmmrectedhigh-angle annular darkield
scanning transmission electron microscopy reveals the presermd@faf monovacancies (VS), whose
concentration varies across the graded Ma-S layer as dunction of Mo content, with the fghest value
in the Morich center region. Optical spectroscopypported by ab initio calculations, reveals a doublet
electronic state of VS, split by spinbit interaction. The energy levels are positioned close to the
conduction band or deep within theandgap, depending on whether the vacancy is surrounded by W «
Mo atoms. This uniquelectronic configuration of VS in the alloy facilitates four sglowed op5cal
transitions between the VS levels and the valence bands.
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Ultrafast electron dynamics in semiconducting thin films using subcy
terahertz nanoscopy

Markus A. Huber
University of Regensburg, Germany
Contact Emailmarkus.huber@ur.de

Advancing optical microscopy to increasingly shorter lengtil timescales has been a key process to
visualize the connection between nanoscopic elementary dynamics and macroscopic functionalities
matter. In this talk, | will show two recent breakthighs 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. Rtwo fingerprinting is used to discern nageains 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, weth®ace
photogenerated carrier dynamics with extreme temporal resolution. By accessingstibegcle shifts of
the detected terahertz neafield waveforms, we introduce an approach to access theadytlane charge
carrier diffusion, which constitutes a keyantity for solar cell performance. We find a surprising
robustness of diffusion against structural and chemical variations on the nanoscale, possibly sheddi
on the origin of the remarkable performance of perovskised devices. Our approach nialp resolve
further open questions, including the details of the charge collection process at the extraction layers
carrier effects.

Secondly, | will present a fundamentally new approach which bringp@dial microscopy to the atomic
length scale while simultaneously retaining subcycle temporal resolution for the first time [2]. The
technique utilizes the extreme nonlinearities withtonfined evanescent light fields to trace the path of
electrons tunneling across a tgample junction combined with a purely optical detection mechanism. \
RSY2YAGNI (S GKS OF LIaSE RGO hEH ADF € ( /¢ Xy vB3 dpediya s
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 itirmal NOTE microscopy is inherently
compatible with insulating samples, where nogesscale currents can flow, and allows for ultrafast
spectroscopy with atomic spatial and subcycle temporal resolution. Hence, NOTE provides direct ac
atomic scale quantum lighihatter interaction and dynamics on their intrinsic length and timeszale
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Plenary Talkvan der Waals Interfaces

Dmitri Basov
Columbia University, USA
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Van der Waals (vdW) interfaces are emerging as a versatile platform to control and investigate elect
magnetic and optical properties of quantum materials. | will discuss-‘ogtioal studies of ambipolar
charge transfer across an interface of vdW erals with different work functions. | will also discuss spa
time metrology of teraHertz plasmon polaritons in graphene. This novel experimental approach allown
us to directly probe electronic interactions of the Dirac quasiparticles in graphene.
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Optical interfaces from metasurface optics to lsymmetry phonon
polaritons

ChengWei Qui
National University of Singapore, Singapore
Contact Emailchengwei.giu@nus.edu.sg

Fast progress in ultrathin and ultmpact flat interface optics has been withessed recently, including
metasurface optics and hybrid metasurfagdractive optics. Many of those versatile flaptics devices

heavily rely on judiciously and artificialifructured nanopatterns at the interface, and even the artificial
intelligence is exploited to search for freeform and unexpected profiles of the structured-optitzs. Now
it is about the time to sit back and look batle voyage rétra; towards how weunlock the intrinsic power
of natural materials. In this talk, | will show several breakthroughs in molding polaritons, hybrid excit:
of matter and photons. We discover the photonic magic angle, the corresponding topological transiti
ultra-large cafinement and ultralong canalization, topological orbit angular momentum, and steerabl
unidirectional propagation of surface phonon polaritons in layered vdW materials. The grand challen
include the propagation loss of polariton waves and limited sfazée exfoliated vdW materials. In this
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regard, we showcase a peculiar type of ghost polariton with both propagation and evanescent naturt
inside a uniaxial crystal such as Calcite. The-tange (> 20um), directional and diffractionless
propagation of polaritons are observed at room temperauSuch uniaxial crystals are lossless, large s
and commercially available, and the properly slanted optic axis could facilitate-s@dbky orchip
polariton nanodevice with unprecedented nanolight control. We envision that such rnhaged interface
optics will spur new thoughts and directions, such as transformation and topological polaritonics, ele
polariton interactions, nanémaging, energy transfer, echip circuitry, and quantum applications.

Cryogenic neafield spectroscopy from visible to midinfrared
frequencies: exploring topological insulator nanostructures and 2L
materials at the nanoscale

Jessica Boland
University of Manchester, UK
Contact Emailiessica.boland@manchester.ac.uk

In this talk, we present the nedield microscopy capabilities at Manchester, including cryogenic opera
from visible to terahertz frequencies. We provide examples for different operations, including: surfac
chemical characterisation in InN nanostruiets, subsurface characterisation of water in graphene
nanochannels; mapping polariton modes in 2D materials, and nanoscale spectroscopy of topologica
insulators. In particular, we focus on nanoscale characterisation of our 2D topological insulatomihin
and nanostructures, demonstrating spectral features around ~125@tin'the topological insulator
nanowires. We utilise multilayer modelling to establish the physical mechanism behind this resonanc
discuss future work to utilise these materi&ds terahertz devices.

Nanooptics in flatlands

Pablo AlonseGonzales
University of Oviedo, Spain
Contact Emailpabloalonso@uniovi.es

Highly anisotropic crystals have recently attracted considerable attention due to their ability to suppc
polaritons with unique properties, such as hyperbolic dispersion, negative phase velocity, or extreme
confinement. INLJF NIi A Odzf | NE G KS O0AlF EAIEKBDAY RENE & RSV dzy
MoO3) has received much attention [1] due to its ability to suppoglane hyperbolic phonon polaritons
(PhPsx infrared (IR) light coupled to lattice vibrations in pataaterialg 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 cryst:
including the visualization of anomalous cases of the fundamental optical phenomena of refraction [.
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reflection [3], and the exotic phenomerd canalization and unidirectional ray propagation, in which Pt
propagate along a single direction with ultralow losseg]4
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Ultrafast naneimaging: Probing quantum dynamics in space and tin

Markus Raschke
University of Colorado Boulder, USA
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Understanding and ultimately controlling the properties of quantum materials and their coupled degr
of freedom will require counteracting the effects of dissipation and depha3inig.necessitates imaging
the elementary excitations on their natural time and length scales. To achieve this goal, we develope
scanning probe microscopies with ultrafast and shaped laser pulses for multiscale coherent spatio
temporal optical naneémaging In corresponding ultrafast movies, we resolve the fundamental quantui
dynamics down to the fevilemtosecond regime with nanometer spatial resoluti@pecifically, in 2D
materials and their heterostructures, the emergent electronic, spin, and other quantum properties ar
controlled by the underlying interlayer coupling and associated charge and energy transfer dynamic:
These processes are sensitivariterlayer distance and crystallographic orientation, which are in turn
affected by defects, grain boundaries, and other nanoscale heterogeneities. In this talk, | will presen
use of adiabatic plasmonic nanofocused fotave
mixing (FWM) [1] to imag#he coherent electron
dynamics in monolayer WSeesolving nanoscale
heterogeneities in dephasing ranging froa<Ts fs
to T.> 60 fs on length scales of-300 nm [2].
Further, in combination with Purcedinhanced
nano-cavity clock spectroscopy [3] in
WSe/graphene heterostructures we identify o

interlayer energy transfer dynamics at times scale) Fig, 1. Tp-enhanced ultrafast nafimaging of 2D

of 350 fs [4]. Beyond the fundamental materials with simultaneous nanometer spatial ai
understanding to the competition between intrinsig femtosecond temporal resolutioesolvingfrom few-
and extrinsic effects on excitation lifetimes and fs coherent electron to psterlayerdynamics

coherence, we discoverraew regime of nonlinear
nanc-optics at the interplay of spatial coherence and disoriteluced scattering.
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Hyperspectral detectorless nefield nanoscopy at terahertz frequencie

Miriam Vitiello
Consiglio Nazionale delle Ricerche & Scuola Normale Superigriea®isa
Contact EmailMiriam.vitiello@sns.it
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Quantum naneoptoelectronics of twisted 2D materials

Frank Koppens
ICFO Barcelona, Spain
Contact Emailfrank.koppens@icfo.eu

Two-dimensional (2D) materials have emerged as a fascinating platforménipulating light and
exploiting lightmatter interactions at the atomic level. Twist@® materials, in particular, have
represented a recent revolution in materials sciemasea tunable platform to tailor the periodic energy
landscape for electrons at theanoscale. This has led to the demonstration of tunable superconductivi
noveltopological polaritons, tunable magnetism, etc.

We present innovative techniques to study the nastoelectronic properties and tdevelop novel
quantum technologies. Our pioneering ldemperature neasfield imaging techniques allow us to examit
the electronic response to light wittnprecedented nanometescale spatial resolution. One of our key
interests is taunveil the interplay of topological and mafwpdy phenomena in 2naterial
heterostructures. Moreover, we present the discovery completely new functionalgies) as singte
photon detectioncapabilities.

34



Wednesday June 5, 2024

Sessiort: Twistronicsand moiré superlatticeg Part 1l

Quantum phases in fldtand vander-Waals systems:
making, controlling and measuring by quantum transport

Thomas Weitz
GeorgAugustUniversity Gottingen, Germany
Contact Emailthomas.weitz@ungoettingen.de

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

This talk will focus on one specific vd@r-Waals material, the naturally occurring Bernal bilayer graphe
(BBG). It has shown to host elecffield tunable varHove singularities. Indeed, correlated states and e\
superconductivity was found close tioese regions of diverging density of states. Here, | will show how
systematically identify and explore such phases by controlling not only the density of states, the cha
carrier density but also the interaction between charge carriers. Most intrgdyiwe identified anomalous
guantum Hall and Wigner crystal phases in BBG.

Enhanced Interactions of Interlayer Excitons in Fs@ading Hetere
bilayers

Yuerui Lu
Australian National University, Australia
Contact Emailyuerui.lu@anu.edu.au

Lowfrequency noise in the heterostructures of neaiagic angle twistec
bilayer graphene and transition metal dichalcogenide layers

Arindan Ghosh
Indian Institute of Science, Bangalore, India
Contact Emailarindam@iisc.ac.in

Twisted van der Waals heterostructures of tdimnensional (2D) materials introduces a new knob to
engineer Coulomb interaction, structural symmetry breaking, eleepoanon interaction, among others
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in a solidstate environment. The resulting phase space of physical phenomena is extremely rich that
ranges from new correlated insulators to superconductors, ferromagnets, to Chern insulators and ot|
broken symmetry states all embedded within the detiéicaterplay of moiré patterns resulting from layer
misalignment. Partnering different genres of 2D materials, especially the transition metal dichalcoge
(TMDC), provides further flexibility in introducing spibit interaction, topological propertigetc [1,2].
While conventional electrical transport, surfasensitive local microscopy or optical spectroscopic
techniques have been frequently used to probe the electronic properties of the twisted heterostructu
crucial technique that has not beearsed so far is the loMrequency 1/f noise [3], which is an extremely
sensitive probe to the local screening properties and the tihependent kinetics of disorder. In this talk
[4] | shall present results of experimental measurements of 1/f noise inphativisted 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
encapsulating (hexagonbbron nitride) dielectric is found to be the dominant mechanism of the noise
these devices. At low temperature, the noise shows distinct minima at the commensurate filling factc
inside the moiré band, which can be attributed to the singularitiehédensity of states, and thus
enhanced screening of the charged trap states. Intriguingly, such states could be resolved with noist
magnitude while the time averaged resistance remained largely featureless.
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In-operando spectroscopy and microscopy on twisted 2D materials: 1
graphene to magnets

Yong P. Chen
Purdue University, West Lafayette, USA

WPIAIMR, Tohoku University, Sendai, Japan

Aarhus University, Aarhus, Denmark
Contact Emailyongchen@purdue.edu

TWoRAYSYyaAz2ylf YIFGSNREFEf A 2FFSN dzy A li2de$S N Lyl B22NTizdz
(nano)devicecompatible 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 talilldiscuss examples of such multimodal
measurements involving transport, optical Raman spectroscopy, magneicalKerreffect (MOKE),
micro angle resolved photoemission spectroscopy (ARPES), and scanning probe microscopies on 2
materials (ranging &m graphene to 2D magnets) and their twisted/stacked heterostructures.
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Quantum optical spectroscopy of 2D materials

Il F e TYFY2€ETf dz
ETH Zurich, Switzerland
Contact Emailimamoglu@phys.ethz.ch

I will describe timaesolved nonlinear pumyprobe measurements that reveal features of semiconduct
moiré materials not accessible to linear spectroscopy. With an intensejetdhed pump pulse, we
generate high density of virtual excitons or excitopolarons in various moiré minibands. A broadband
probe pulse in turn measures the response of all optical resonances induced by thegemeyated
excitations. At charge neutrality, these measurements allovousstess the spatial overlap between
different optical excitations: in particular, we observe signatures of a bound biexciton state between
different moiré exciton modes.

Gatetunable NbSgMoSe, heterostructures

Atanu Patra, Vishakha Kaushik, Fabian Hartmann, Sven Hofling
Julius Maximilian University of Wirzburg, Germany
Contact Emailsven.hoefling@physik.umvuerzburg.de

Two dimensional (2D) materials and their heterostructures host rich physical phenomena. In this
presentation, we wilpresent results on metallic and superconducting bulk Nla8d heterostructures of
it with MoSe. Heterostructures of graphene and transitiometal dichalcogenides have shown significar
guenching of photoluminescence emission through interlayer charge or energy transfer (ICT or IET)
adjacent layer [1,2]. Here we explore the photoluminescepraperties of gateunable gatetunable
NbSe/MoSe heterostructures and observed a revival of the optical emission in MHS8e under
electrostatic gating.

In this investigation, we have carried out a comprehensive study of the optoelectronic characteristics
exhibited by MoSgNbSe heterostructures under the influence of a vertical electric field. The results
reveal notable increase of photoluminescence intensity, concerning the Ma8kons in the regions of
the heterostructure with NbSe approaching the levels observed in pristine monolayer MoBee 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, bet\
MoSe and NbSg which effectively regulates charge separation dynamics and facilitates the transfer
charges between the twdimensional material system depending upon the direction of the applied
electric field. Our investigation provides a clear distinction betwiZhand IET, a pertinent phenomenot
observed in various 2D heterostructures.
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Interband transitions in fewWayer graphene and their coupling to phont
polaritons

Konstantin G. Wirth, Lina Jackering and Thomas Taubner
RWTH Aachen University, Aachen, Germany
Contact Emailtaubner@physik.rwtkaachen.de

The crystallographic stacking order of fé&ayer graphene (FLG) greatly influences its electronic and op
properties, such as band structure and optical conductivity. The most common stacking in FLG is Be
stacking (AB), which is the energeticadlydrable configuration, while rhombohedral stacking (ABC) is |
common. For example, rhombohedral stacked trilayer graphene (TLG) exhibits superconductivity [1]
absent in Bernal stacked TLG.

In the past, infrared<SNOM contributed tremendously to the field of 2D materials by enabling the rea
space imaging of plasmear phonon polaritons [2], e.g., in graphene and hexagonal Boron Nitride (hE
respectively. Polariton imaging witANOM hasllowed for indirectly mapping (grain) boundaries and
(stacking) defects in FLG via polariton reflection. While graphene poladtenssually investigatedith s-
SNOM at energies below 0.2 eV, the stacldpgcific interband transitions of FLG betweeg @Gnd 0.2V
havebeen less explored with SNOM nanospectroscopy.

Here, we perform spectroscopieNOM measurements with a broadly tunable OPO/OPA laser syster
over the energy range from 0.3 to 0.B¥ to study the characteristic and stackishgpendent 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 scatte!
light, which e.g. allow for the unambiguous assignmdrreviously undetected ABCB domains in 4LG.
Our results establish nedield spectroscopy of interband transitions as a sempméntitative tool, enabling
the recognition of domains of previously unknown stacking orders and provide a basis for stheéjfing
physical properties.

For transport measurements, FLG is usually encapsulated in hBN because it increases the carrier ir
of graphene. However, this aggravates the domain identification with diffraditioited optical
techniques, such as fdield infrared and Ramarspedroscopy. Furthermore, encapsulating FLG into hE
can alter the stacking order and induce defects within the FLG flake [5]. Recently, Liu et al. [6] visua
stacking domains in encapsulated 4LG using phassisted neafield imaging. However, the undging
coupling mechanism and the visualization of subdiffractional defects remain elusive. Here, we use a
TLG heterostructure to proof that that such coupled polaritons are indeed hyperbolic phonon plasmc
polaritons. We also explain how they allow fuperresolution imaging of subdiffractiesized defects in
graphene through the hBN cover layer via thecatled hyperlensing effect [7].

Our work paves the way for the characterization of FLG devices during fabrication, ttbel@nains can
be altered, and defects may form due to mechanical stress and strain during stacking, heating, and «
fields. Exploiting interband transitionshweh are also characteristic for twisted FLG, and their coupling
Phonon Polaritons in hBN with our technique will open the door toward nanoscopic honcontact
measurements of the electronic properties in complex hybrid 2D and van der Waals materialssystem
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Exploring Polaritons and Dielectric Behavior of Nanoconfined Wate
Gypsum

Artem Mishchenko
University of ManchestetJK
Contact Emailartem.mishchenko@gmail.com

Gypsum, an exfoliabl@onoclinic crystal, offers unique opportunities for investigating both polaritonic
response and hydrogen bonding. We employed scattetypg scanning neafield microscopy and naro
FTIR spectroscopy on exfoliated gypsum flakes to visualize, for thniiesia transition from shear
hyperbolic to shear elliptical polaritons. This transition is accompanied by light canalization in a narrc
mid-IR frequency range, expanding the potential applications ofdgmmetry crystals in photonic device
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and enabling the fabrication of diverse heterostructures that could access novel optical phenomena
nanoscaleFurthermore, we introduce a simple approach to conceptualize hydrogen bonds as elastic
dipoles in an electric field, capturing a wide ramgénydrogen bonding phenomena in water systems. B'
utilizing gypsum, with crystalline water embedded in a heterostructure, we determined the hydrogen
strength through an externally applied electric field. Our appraguedntifies not just the strengtbf
hydrogen bonds, but also the dielectric behaviour in a wide range of systems directly from
vibrationalspectroscopy data.
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Tunable phonon polaritons in oxide interfaces and nanomembrane

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

Surface phonotpolaritons (SPhPsktrongly coupled lighphonon modes bound to interfaces between
two media, one of which is a polar material with negative permittivitgld high promise in naro
photonics due to their capacity to squeeze the electrom&@ energy on ultrasubwavelength scales.
While the SPhPs are extensively studied in conventional semiconductors (SiC, AIN) and van der We
materials (hBN, M0S2), little is done in the vast family of complex perovskite oxidesUddt® cryogenic
scatering-type nearfield optical microscopy {SNOM) in Geneva and synchrotron infrared
nanospectroscopy (SINS) at the ALS (Berkeley), we explored SPhP modes(bAQREITigISTO)
heterostructures [1] and 100 rsthick transferable STO membranes [2]. The presence of conducting 2
electron gas (2DEG) at the LAO/STO interfaces strongly increases the temperature dependence of |
frequency, due to a coupling between the SPMPSTO and the plasmepolaritons in the 2DEG, and alsc
allows for electrostati tuning by applying voltage to a back gate [1]. In ultrathin membranes, we obse
an evenodd SPhP mode splitting, where the low energy mode shows a propagating behavior with a
strongly confined wavelength, while the higinergy mode (Berreman mode) shewhe epsilomearzero
(ENZ) behaviour with a huge enhancement of the electric field inside the sample. Our work shows g
potential of oxides for infrared narphotonics.
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Control of polaritons in lovdimensional nanomaterials

Qing Dai
Chinese Academy of Science, China
Contact Emaitlaig@nanoctr.cn

Polaritons are weléstablished carriers of light, electrical signals, and even heat at the nanoscale. Acl
control over it is pivotal for the realization of nanoscale manipulation of light signals and even heat w
on-chip devices. Our researchpares efficient excitation of polaritons in orttmensional to twe
dimensional nanomaterials, leading to the discovery of polariton modes with-higta opticalfield
confinement and quality factors. Through the ingenious design of dielectric envirosmeathave
successfully mitigated the transmission losses of polaritons, enablinglietamce 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 polarite
These research findings address the challenge of effiojgtaelectronic 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: challeng
and opportunities

Vladimir Zenin
University of Southern Denmark, Denmark
Contact Emailzenin@mci.sdu.dk

Revealing the Secrets of 2D Materials: Nanospectroscopy and Na
Imaging llluminate StructurBroperty Relationships in Complex Materi

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

Synchrotron infrared nanospectroscoffyINS) combines the broad bandwidth and brightness of
synchrotron infrared radiation with scanning neféld optical microscopy {SNOM), enabling direct
probing of elementary excitations of functional materials spanning the anid farinfrared with ~20 nm
spatial resolution. The Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory ope
two infrared beamlines (Beamlines 2.4 and 5.4) with SINS instruments that are freely available to us
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 hgatter coupling [1], lattice strain [2], and carrier densit
[3]. I will also discuss some recent advesin 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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PlenaryTalk:Antiferromagnetic Spintronics with Multiferroics

Ramamoorthy Ramesh
Rice University, Houston, Texas, USA
Contact Emailer73@rice.edu

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

Oxide Materials for Spintronics

Jian Shen
Fudan University, Shanghai, China
Contact Emailshenj5494@fudan.edu.cn

For magnetic oxides, competition between various types of exchange interactions has often led to st
physical properties that are highly tunable by external fields. Such tunability is desirable for spintroni
applications. In this talk, | will showWwamne can use electric field to control magnetic domain structure
and interfacial ferroelectricity in oxides thin films and heterostructures, giving rise to the ability to cor
spindependent transport using electric field. The electric field contfehagnetic domain structures in
oxides is achieved based on the understanding of the physical origin of domain formation in oxides,
is well beyond conventional Land&ifshitz theory. We have successfully fabricated various oxidesd
spintronic devices, which all exhibit promising functionality with low energy consumption. To finish, 1\
discuss the future of oxides spintronics from my own perspective.

45



Thursday June 6, 2024

Sessiord: Spintronics and multiferroics

Functional topological defects: materials at the edge of order

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

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

Sliding Ferroelectricity

Kenji Yasuda
Cornell University, USA
Contact Emailkenji.yasuda@cornell.edu

Achieving atomically thin ferroelectric materials for the uséeimoelectric norvolatile memory remains a
significant challenge materials science, primarily due to the depolarization effectdtia-thin scales. To
address this challenge, we present a naygbroach to engineering atomically thin ferroelectrics using v
der Waals heterostructures. Our method involves artificially induéémgpelectricity by manipulating the
stacking angle of neferroelectric materials such as bilayer boron nitride and bildsaansition metal
dichalcogenides. This technique enables ugrtmuce atomically oubf-plane ferroelectrics that operates
as a nonvolatile 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) aneéhdyirance switching (>
10 cycles without any degradation), which outperforms the traditional constraints conventional
ferroelectrics. This exceptional performance stems from the unique ferroelectric mechanism, where
polarization is switched by the interlayer sliding motionveeén the van der Waals layers.

Additionally, we introduce the novel concept of mofegroelectrics achieved by twisting the two layers.
This results in anique ferroelectric state characterized by an alternating-ofaplane polarization
network. We further discuss the utility of moiférroelectrics as substrates to modulate the band structi
of 2Dmaterials in momentum space.
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Quantum microscopy of antiferromagnetic and ferroelectric materia

Christian Degen
ETH Zurich, Switzerland
Contact Emaildegenc@ethz.ch

Diamond has emerged as a unique material for a variety of applications, both because it is very robt
because it has defects with interesting properties. One of these defects, the nitsagamcy center (NV
center), has a single spin associated ititihat shows quantum behavior up to room temperature. Our
group is harnessing the properties of single NV centers forit@gblution magnetic sensing applications.
In this talk, | will introduce the basic technology and concepts of diarbaiséd 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 antiferromagne
and the electrical imaging of domains in ferroelectrics andtifieuroics.
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Visualizing supersonic electron flow in an electronic de Laval noz:

Abhay N. Pasupathly? Johannes. Geuts’, Itai Kerer, Tatiana A. Webh Yinjie Gud, T.
Tanigucht, K. Watanabé, 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, N
3 Columbia Nano Initiative, Columbia University, New York, NY, USA
4 National Institute for Materials Sciencel Namiki, Tsukuba, Japan
Contact Emailapn2108@columbia.edu

Electronic properties arise from phenomena at a multitude of length scales froratsufic 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 lo
properties and global device properties.

Clean materials systems with strong cargarrier interactions can reach a regime in which current flow
hydrodynamic, opening the possibility of realizing a variety of interesting phenomena long understoc
macroscopic fluids, in microscopic electio systems. Tdate, 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 cons
has been unexplored in electronic systems. In this work, we implement an electronic de dzalal[@],
designed to accelerate electrons to supersonic speeds which then relax abruptly at a shock. We obs
electronic transport discontinuities consistent with supersonic flow and use Kelvin probe force micro:
to image the associated potentiatgfile through the encapsulated device and localize signatures of
compressible flow.
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Excitonic insulator in atomic double layers

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

Alexander Hogele
LudwigMaximilian-University of Munich, Germany
Contact Emailalexander.hoegele@Imu.de

Semiconductorvan der Waals heterostructures with neggsonant band alignment and nen
commensurate lattices such as MoSe2/MoTe2 [1] and MoSe2/WS2 [2] constitute peculiar model sys
for excitons, charges and spins localized on moiré lattices. Being robust agasustooyic lattice
reconstruction [3] due to sizable lattice mismatch, they exhibit canonical periodic moiré potentials, w
nearresonant band alignment induces hybridization of exciton states across the constituent layers. |
cryogenic optical spectezopy of moiré excitons, we study the effects of correlated charge and spin
ordering in such moiré heterostructures with different twestgle configurations, highlighting emergent
magnetism phenomena on effective monolayer and bilayer Hubbard triangtilarels [4]. Moreover, by
employing open cavities, we establish control over neutral and charged moiré exditaritons in the
regime of strong lightnatter coupling, thereby expanding the realm of moiré phenomena in van der W
heterostacks.

References

[1]1 S. Zhao, X. Huang, R. Gillen, Z. Li, S. Liu, K. Watanabe, T. Taniguchi, J. Maultzsch, J. Hone, A. HAgele, ar
Baimuratov, Hybrid moiré excitons and trions in twisted MoMi2Se2 heterobilayers, Nano Lett. DOI:
10.1021/acs.nanolett.4c00541 (2024).

[2] B. Polovnikov, J. Scherzer, S. Misra, X. Huang, C. Mohl, Z. Li, J. Géser, J. Forste, |. Bilgin, K. Watanabe, T
A. Hogele, and A. S. Baimuratov, Flelduced Hybridization of Moiré Excitons in MoSe2/WS2 Heterobilayers, Ph
Rev. Lett. 132076902 (2024).

[3] S. Zhao, Z. Li, X. Huang, A. Rupp, J. Géser, |. A. Vovk, S. Yu. Kruchinin, K. Watanabe, T. Taniguchi, I. Bilg
Baimuratov, and A. Hogele, Excitons in mesoscopically reconstructed moiré heterostructures, Nat. Nanotechn
572 (2023).

[4] B. Polovnikov, J. Scherzer, S. Misra, H. Schlomer, J. Trapp, X. Huang, C. Mohl, Z. Li, J. Goéser, J. Forste, .
Watanabe, T. Taniguchi, A. Bohrdt, F. Grusdt, A. S. Baimuratov, and A. Hogele, Implementation of the bilayer
model in a m@ré heterostructure, arXiv:2404.05494 (2024).

49



Thursday June 6, 2024

Sessiorl0: Twistronics and moiré superlatticesPart Il

Revealing intrinsic domains and fluctuations of moiré magnetism b
guantum microscope

Chunhui Du
Ceorgia Institute of Technology, Atlanta, Georgia, USA
Contact Emailcdu71@gatech.edu

Moiré magnetism featured by stacking engineered atomic registry and lattice interactions has recent
emerged as an appealing qguantum state of matter at the forefront of condensed matter physics rese
Nanoscale imaging of moiré magnets is highly dblirand serves as a prerequisite to investigate a bro
range of intriguing physics underlying the interplay between topology, electronic correlations, and
unconventional magnetism. In this talk, | will present our recent work on using nitreggamcy (NV
centers to perform nanoscale quantum sensing and imaging of magnetic domains and spin fluctuatic
twisted double trilayer (tDT) chromium triiodide £MVe show that intrinsic moiré domains of opposite
magnetizations appear over arrays of moiré supercells intWaat-angle tDT C#[1]. In addition, spin
fluctuations measured in tDT €réveal two distinct magnetic phase transitions with separate critical
temperatures within a moiré supercell. Our results enrich the current understanding of exagjcatic
phases sustained by moiré magnetism and highlight the opportunities provided by quantum spin ser
probing microscopic spin related phenomena on fdimensional flatland. Lastly, | will extend my
discussion to briefly present our ongoing effoon exploring nexgeneration 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 Emailaryhoriy.polshyn@ist.ac.at

Moiré superlattices, which arise from small rotational misalignment between layers in van der Waals
heterostructures, provide a powerful way tontrol the interactions and topology of electronic bands. F
example, smalngle twisted monolayebilayer graphene (tMBG) features narrow moiré minibands wit
Chern numbers that could be tuned by the electric displacement field. My talk will focusamum
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 |
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AAY3AES Y2ANB YAYAOlFYR gAGK / KSNY ydzYoSNI 2F /
(OCl) arises predominantly from the orbital motion of the electrons rather than the electron spin. Thi:
orbital character of the magnetization allowseto control its magnitude and even change the sign by
gatetuning the chemical potential. Such curious magnetic properties of OCls enabieladite electrical
switching of the magnetic and topological orders. In addition to QAH states at integgssfilithe moiré
superlattice unit cell, tMBG also features QAH states atihtdfjer fillings. These states are consistent
with topological charge density wave states that partition a C=2- it valleypolarized band into two
C=1 sukbands by the spomineous doubling of the superlattice unit cell.
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Layered materials for (quantum) photonics

Andrea Ferrari
University of Cambridge, UK
Contact Emailacf26@cam.ac.uk

Excitorpolaron spectroscopy of moittéeterostructures

Brian Gerardot
HeriotWatt-University, Edinburgh, UK
Contact EmailB.D.Gerardot@hw.ac.uk

In transition metal dichalcogenide semiconductors, momendinect electronsand holes at +K valleys
form tightly bound intralayer excitons. When dressed by a Fermi sea, these excitons forabathny
states described as attractive excigpolarons (AP) and repulsive excigmolarons which exhibit distinct
behavior depending on thealley hosting the Fermi sea. For doping at £K, dominant pspaecfilling
effects cause an overall blueshift in the AP, whereas doping at other valleys leads to a continuous re
due to bandgap renormalization. Contrasting properties in an apptiagnetic field also manifest for
excitons dressed by carriers in different valleysaley holes are highly spin polarized and exhibit stron
magnetic interactions with excitons at K whereas magnetic interactions are substantially reduced fc
carriers bcated at nonK-valleys. Here we will use the signatures of excjpotaron behavior to uncover
different bandstructures in homerMD devices (monolayers and bilayers) as well as in moiré

heterostructures where strongly correlated states are observecdih B-valley andGvalley derived mo#
bands.

Extended spatial coherence of interlayer excitons in MASEe
heterobilayers

Alexander Holleitner
TU Munich, Germany
Contact Emailholleitner@wsi.tum.de

We report on the spatial coherence ioterlayer exciton ensembles as formed in M@®éSe
heterostructures and characterized by pointzersion MichelsomMorley interferometry below a bath
temperature of 10 K. The measured spatial coherence length of the interlayer excitons reaches valu
equivalent to the lateral expansion of the exciton emdges. | 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 nerolatile optical switch in rhombohedral stacke:
MoS

Ziliang Ye
University of British Columbia, Canada
Contact Emailzlye@phas.ubc.ca

Thetunability of the stacking order in van der Waals materials provides a new and powerful method f
engineer their physical properties. In parafthcked transition metal dichalcogenides, also known as tl
rhombohedral stacking order, the equilibrium atangtructure is asymmetric between layers, leading to
spontaneous electrical polarization. Under an external electric field, the layer configuration and its
associated polarization can be switchal phenomenon recently termed as sliding ferroelectricitye
experimentally measured the polarization strength and its spatial distribution in chemically synthesiz
rhombohedral Mos We observed that the domain size distribution follows a polagr distribution,
suggesting that the shear strain occurring during the mechanical exfoliation can induce an avalanchu
domain wall motion. These prexisting domain walls were found to beucial for the polarization
switching behavior and we leveraged them to achieve avaatile control over the optical responsé
these layered semiconductors.

Exciting Moiré Materials for Quantum Matter

Alit Srivastava
Emory University, Atlanta, USA
University of Genev&witzerland
Contact Emailajit.srivastava@unige.ch , ajit.srivastava@emory.edu

The study oktrongly interacting electrons in moiré heterostructures of semiconducting transition met:
dichalcogenides (sSTMDs), such as WSe2 and WS2, has led to the discovery of lorgftsslgrantum
phases and behavior. In addition, strong lighdtter interactons in STMDs give rise to robust optically
active excitons and their charged complexes. However, a system of strongly interacting excitons in 1
remains largely unexplored.

In this talk, | will begin by presenting our recent observation of M@y interactioninduced transition
between quadrupolar and dipolar excitons in a trilayer van der Waals heterostructure of sTMDs. Thit
many-exciton transition can be attributed to autropic nature of dipolar interactions. Next, | will preser
a system of correlated electrons and moiré excitons as a rich platform to study and create quantum |
in a drivendissipative setting.
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Nearcoherent Quantum Emitters in Hexagonal Boron Nitride with
Discrete Polarization Axes

Jake Hordet, Dominic Scognamiglip Adam Ganyed#, Viktor Ivaday4e Mehran Kianini,
Milos Tothfand Igor Aharonovich'
a University of Technology Sydney, New South Wales, Australia
b WignerResearch Centre for Physics, Budapest, Hungary
¢ MTAELTE Lendilet "Momentum" NewQubit Research Group, Budapest, Hungary
d Eo6tvos Lorand University, Budapest, Hungary
e Linkdping University, Linkdping, Sweden
f, University of Technology Sydney, New S@akes, Australia
Contact emailjonathon.horder@student.uts.edu.au

Coherent single photon sources are a central component of scalable photonic queetiinologies [1].
Among solid state sources, the 2D material hexagonal boron nitride (hBN) has attracted increasing i
due to reports of bright, stable linearyolarized quantum emitters with a broad range of emission
wavelengths [2,3]. However, nerof the hBN quantum emitters reported to date possess the combinat
of properties needed for deterministic incorporation in scalablecbip deviceg in particular a consistent
reproducible emission energy, nelifietime-limited linewidths, and discte polarization axes within the
hBN crystal lattice. Whilst each of these properties has been observed for some hBN emitters in isol
[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 |
engineered on demand with a sispecific fabrication technique, and it has a higt@producible emission
wavelength [6,7]. Consequently, the defect wasd 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
anda discrete number of wellefined polarization axes within the hBN crystal lattice.

Here we use spectral hole burning (SHB) spectroscopy to sidestep linewidth broadening caused by :
diffusion [10], and observe nedifetime-limited lines of a few hundred MHz. Dual resonant lasers are
employed via coupling to a common single modelzhing fiber, and resonance fluorescence from B
centers is detected through the phonon sideband. A high power pump laser at fixed wavelength satt
a subensemble of the optical transition space, and a second lower power probe laser scans across 1
saturated region to produce a resonant photoluminescence spectrum with a characteristic Lorentziar
2N) GK2f S¢d ¢KS K2fS GARGK A& LINRPLERNIA2YLFf (2
energytime uncertainty and electroqhonon interactbns during spontaneous emission. In the low pow
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 ¢
discrete inplane polarization axes separated by 60§ (Eb). This clustering can be explained within the
framework of JahiTeller (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 Gy 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 hos
lattice.

These results are significant as they suggest thetent spectral diffusion, the B center can be expectec
source coherent single photons suitable for quantum photonics applications. The uniformity of emiss
extends to polarization, with only three possible orientations seen across a single flakendegian. This
feature could be leveraged for optimal cavity coupling, opening up emission rate enhancement and 1
improving the coherence properties.
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Fig. 1. Single photon coherence and polarization orientation. a) Homogeneous linewidth extracted fr
power dependent holes burned into the resonant luminescence spectrum from an ensemble of B cel
The powerh Y RS LIS y R S v iidm =200 W8ziisiclasé #© thejFourier transform limit (FTL) of ~80 M
b) Emission polarization measurements under circularly polarized resonant excitation reveal a discre
clustering of values, indicating the-filane optical dipole takes one of three amtations correlate with
the hBN lattice symmetry.
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Quantum sensing anhegabar pressures

Norman Y. Yao
Harvard University, Cambridge, MA, USA
Contact Emailnyao@fas.harvard.edu

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

In this tdk, | will describe a new approach to directly "see" the physics inside the science chamber of
diamond anvil cell at ultrhigh pressures. The basic idea is deceptively simple: We directly integrate ¢
layer of sensors into the surface of the diamamil that is actually applying the pressure. | will
demonstrate the ability to perform diffractictimited imaging of both stress fields and magnetism, with
the latter allowing us to image the magnetic field expulsion associated with superconductpgtyingy

our techniques to cerium hydride, we observe the dual signatures of superconductivity: diamagnetisi
characteristic of the Meissner effect and a sharp drop of the resistance to near zero. By locally mapg
both the diamagnetic response and fluxppang, 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 Emailg.eda@nues.edu.sg

Atomic defects in semiconductors are an attractive building block for-stdig quantum technology. In
2015, defects in twalimensional (2D) semiconductors such as monolayer-W&e= found to exhibit
single photon emission, attracting great attention as promising candidates in quantum photonic devi
These 2D semiconductors, characterized by strong excitonic effects, are expected to host a variety «
defectbound excitons thasre rich in physics, inheriting the unique properties of the host crystal.
However, the structural and physical origin of bound excitons remains elusidgring strategic defect
engineering | will discuss determination of the mabwpdy nature of bound excitons through electiend
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magnetcoptical spectroscopy [B]. In monolayer Wsubstitutionally doped with Nb at pardger-million
(ppm) levels, we find that individual dopantsanifest as narrow emission lig€rhese peaks show
common features of quantum emitters such as spectral jittering, homogeneous broadening and
antibunching as verified by secowdder autocorrelationsMagneticfield dependence of the emitters
reveal their origin to be bound exciton complexes comprising dark excitons and negatively charged |
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Novel Instrumentation for 2D Characterization: Combined Magnetc
Optical MagneteTransport

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

Raman spectroscopy, imaging, and mapping are powerfulcootact, nondestructive optical probes of
guasiparticles and fundamental physics in graphene and other relatedlinvensional (2D) materials,
including layered, quantum materials. An amazing amatfiinformation can be quantified from the
Raman spectra, including layer thickness, disorder, edge and grain boundaries, doping, strain, thern
conductivity, magnetic ordering, and unique excitations such as magnons and charge density waves
interestingly for quantum materials is that Raman efficiently probes the evolution of the electronic
structure and the electroghonon, spirphonon, and magnophonon interactions as a function of laser
energy and polarization, temperature, and applied magnigicl. Our unique magnet&aman
spectroscopic capabilities will be detailed, enabling spatiakbplved optical measurements while
simultaneously measuring electrical transport in a bgaked graphene Hall bar devicRaman and
electrical data from anBNgraphenehBN device operating in the quantum Hall regime will demonstra
our novel capabilitiesIn addition, unconventional quantization plateaus from a PNP junction created"
spatial photodoping by the Raman laser will be presented. Lastly, sdsnith a series of 2D magnetic
material systems showing muljuasiparticle interactions observable in our novel measurement syster
will be highlighted.
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Cryomagnetic Raman and PL mispeectroscopy of 2D materials using
chiral light

Jana Vejpravova
Charles University, Czechia
Contact Emailiana.vejpravova@matfyz.cuni.cz

Controlling Excitons in vasher-Waals materials in tunable optical caviti

Christian Schneider
Carl von Ossietzky University of Oldenburg, Germany
Contact EmailChristian.schneider@uol.de

Two dimensional materials have emerged as a new and interesting pldifostudies of tightly bound
exciton in ultimately thin materials. Meanwhile, various types of @Dguasi 2D materials have become
available that feature giant lighhatter interactions, charge tunability, and intriguing magnetic and
topological properies. These features can all be exploited for implementing novel photonic devices, ¢
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], wk
are ideally suited for the study of excitguolaritons using 2D materials. | will address examples of such
experiments, including cavitgontrolled temporal dynamics of trapped excitons in the weak coupling
regime, the magnetic properties of chargerrelated excitorpolaritons in the regime of strong light
matter interaction and give perspectives towards polaritonics at telecommunication wavelength
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Scanprobe 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 Emailmengkun.liu@stonybrook.edu
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IR and THz nanoscopy of ultanfined phonon and plasmon polariton

Rainer Hillenbrand
nanoGUNE, Donasti&an Sebastian, Spain
Contact Emailk.hillenbrand@nanogune.eu

Phonon and plasmon polaritordight strongly coupled to optical lattice vibrations and electron
oscillations, respectivelycan exhibit ultrashort wavelengths, long lifetimes and strong field confinemel
which allows for manipulating IR and THz figltlthe nanometer scale. Here we use scattesiyige
scanning neafield optical microsocpy {SNOM) and nanoscale Fourier transform (n&ToR)
spectroscopy to study in real space stong ligtdtter interaction between IR phonon polaritons irBiN
nanore®nators and molecular vibrations in adjacent organic layers, IR phonon polaritons isdalge
CVD grown BN multilayers anéh-plane anisotropidHzplasmon polaritons in monoclinic silver telluride
platelets.
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{ 0 NHzO & dzNJ f f-MoOBryaierals Hrsahigetopid phonon
polaritonics

Qingdong Ou

Macau University of Science and Technology, China
Contact Emailgdou@must.edu.mo

Manipulating photons at the nanoscale and developing-logs onchip photonic and optoelectronic
devices are the focus of research in the field of nanophotonics. The key issue is how to achieve higt
confinement and propagation control of light in the 2@e. Polaritons, hybrid lighhatter waves, enable
nanoscale control of light. Particularly large polariton field confinement and low losses have been fol
graphene and 2D van der Waals materials.

Here, we present our recent progress in manipulatinglame hyperbolic phonon polaritons from the
LISNELISOGA DS 2F YIFGSNRAIf Sy 3 ANod©:DiMPers Aland@andér Waabs
heterostructures, we experimentally observed photonic magic angles and tunable topological transiti
phonon polaritons. At the transitions, the photonic dispersion flattens, exhibitingdss tunable
polariton canaliation and diffractionless propagation. Secondly, via structural engineering, we
demonstrate unidirectional excitation and diffraction of hyperbolic polaritons [2] anddgmvmetry Bloch
modes in hyperbolic polaritonic crystals [3]. Lastly, we show monghthicctured van der Waals
hyperbolic crystals for planar refraction and focysof volumeconfined phonon polaritons. [4].
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Engineer polaritons in vasher Waals materials

Siyuan Dai
Auburn University, USA

Contact Emailsdai@auburn.edu

The manipulation of light at small scales is one of the ultimate goals for nanophotonics. For this purg
polaritong hybrid lightmatter waves propagating in a confined length stadee typically involved.

Recent results of polaritons in van der Waatd) materials reveal a series of advances, including ator
scale localization, dynamic tunability, relative ongs, and topologically protected states. These advant
are attributed to the unique physical properties of reduced dimensions. In thisl taik,describe the new
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advances of polaritons by van der Waals engineering. | will start with the vdW stacking, where dynat
tunability, loss elimination, and charge transfer can be implemented to control polaritons. In addition
stacking, the polariton wavefronts can be daliely engineered by twisting extremely anisotropic biaxial
crystals. Moreover, microstructuring vdW crystals lead to evident alteration of the reflection phase ol
nano-polaritons following a fundamental math principle. Furthermore, a new materials engjgee
method can be established by strategically positioning various isotopes into isotope heterostructures
where we showcased this method in engineered new enengynentum dispersions for hyperbolic
polaritons.
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Scanning SQUi@N-tip microscopy of 2D and chiralagnetism

Martino Poggio
University of Basel, Basel, Switzerland
Contact Emailmartino.poggio@unibas.ch

The ability to map magnetic field sensitively and on the nanomstateg unlike global magnetization or
transport measurementg overcomes ensemble or spatial inhomogeneity in systems ranging from arr
of nanometerscale magnets, to superconductingrtiilms, to strongly correlated states in van der Waa
heterostructures. Local imaging of nanomet#rale magnetization, Meissner currents, or current in edg
states is the key to unraveling the microscopic mechanisms behind a wealth of new and poeristood
condensed matter phenomena.

I will discuss efforts in our group aimed at developing and applyinggdaigsitivity, higkresolution, non
invasive magnetic scanning probes. In particular, we have been developing superconducting sensor
on nanometerscale superconducting quantuimterference devices fabricated at the apex of a scanning
probe tip. | will discuss recent imaging experiments with these tools on 2D and chiral magnets, inclu
CrGeTe;, CrSBr, GOSe@, which yield new insights into their underlying magnetism.

Magnetic imaging of integer and fractional Chern insulating states
tMoTe

Canxun Zhanig Evgeny RedekdpHeonjoon Park Jiaqi C&i Eric Andersofy Owen Sheekey
Trevor Arg, Ruoxi Zhany Grigory Babikyah Samuel Salters Xiaodong X#& Andrea F. Yourg
! Department ofPhysicsUniversity ofCalifornia,Santa BarbaralJSA
2 Department ofPhysicsUniversity ofVashington Seattle,USA
Contact Emailcanxun_zhang@ucsb.edandrea@physics.ucsb.edu

Fractional Chern insulators (FCIg)7[[lare topologically ordered twdimensional (2D) electronic ground
states that generalize the fractional quantum Hall (FQH) effect to partially occupied lattice bands. Cr
the electrorgelectron Coulomb intera@n in FCls is controlled by the lattice spacing rather than the
magnetic length, thupotentially enabling higher energy scales. Recently, twisted bilayers of molybdel
ditelluride (tMoTe) have been shown via transport angtical measurements to host FCI states that
persist to zero external magnetic fieldgfg, but the direct local characterization of the magnetic order ¢
associated thermodynamic gaps is still lacking. Here, we use nano®@tipDmicroscopy to measurtne
local magnetization of tMob&as a function of the gattuned charge carrier density and electric
displacement field. We observe robust signatures of orbital magnetization originating from chiral edg
Y2RS&a G FAEEAYy3A T OsieNEithdréviobsweports of irteger and ffaktiorialo
Chern insulating states. Samples typically exhibit a high degree of disorder on thecsalmeter length
scale, attributable to spatial variations in twist angle, displacement field offset, andecharger density
offset. Quantitative analysis allows us to locally determine the thermodynamic gap associated with e
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insulating state, revealing significantly greater values compared to those obtained through optical ar
transport experiments that average over larger spatial areas.
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Correlated kinetic magnetism of electrons in semiconductor moiré
materials

¢2yLal {Y2tSzala
ETH Zurich, Switzerland
Contact Emailtomaszs@phys.ethz.ch

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

In this talk, | will describe our letemperature spectroscopic experiments on magnetism of electrons it
the vicinity of a Mott insulating state in angddigned, AAstacked MoSgWS; heterobilayer [1]. Owing to ¢
strong, triangular moiré superlattice potential, the electrons forming a Mott state in such a structure ¢
deeply localized within their moiré lattice sites, which renders their exchange interactions to be vanis
small.However, as soon as the Mott state is doped with electrons that fornbims at alreadyccupied
sites, the system begins to exhibit prominent ferromagnetic correlations, with the corresponding Cur
Weiss temperature being proportional to the number of doublons. As proven by our denattyx-
renormalizationgroup (DMRG) deulations, this ferromagnetism is not driven by intdectron exchange
interactions, but by the minimization of the kinetic energy of doublons through the Nagaoka mechan
Such a kinetic origin of ferromagnetic correlations in our system is furthdirced a sizable drop in
critical temperature that we observe at 4/3 filling factor of the moiré lattice, where the doublons form
Mott-Wigner state in which their mobility is strongly suppressed. These observations constitute a dir
evidence for kineti Nagaoka magnetism in an extended, tdimensional system.
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Intrinsic exchange bias effect in MaBg family

Yu Ye
School of Physics, Peking University, China
Contact Emailye_yu@pku.edu.cn

As an Atype antiferromagnetic materials, the interlayer coupling of Mil&i materials can be extensively
tuned by inserting noimagnetic BiTe; layers or introducing MiBi sitemixing defects. The combination ¢
strong interlayer ferromagnetic coupling and tunable interlayer antiferromagnetic will result rich magi
ground orders. Through reflection magnetic circular dichroism spectroscopgiusiglate the
antiferromagnetieferromagnetic coexisting magnetic orders in My and MnBiTe;o and explore the
tunable exchange bias induced by these antiferromagrfetimmagnetic cexisting magnetic orders. We
further report an unprecedented exchange bias phenomenon with unique characteristics induced in
ultrathin uncompensated antiferromagnetic MaBe&, in which the magnitude and direction of the
exchange bias field can be intentionally controlled by designing a magnetic field sweep protocol witk
the need for a complicated field cooling process.

Novel 2D magnets and dielectrics

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

The recent progress in methods of high quality and low defect 2D magnetic materials will be discuss
Beside the group of transition metal halides and chalcogens also the rapidly growth family of mixed
halogenchalcogenides will be introduced. The domitigrexplored material, chromium suloromide
adopt FeOCI structure and possess A type antiferromagnetic ordering at low temperature. By variou
methods of exfoliation or defect formation, this material can be converted to ferromagnetic state. The
chemisty of CrSBr including doping and possible covalent anecnwalent functionalization and its effec
on magnetic and optical properties will be presented together with possible applications in electronic
devices. Beside the two dimensional magnets, the 2edtric exhibit important group of materials with
crucial rule in device fabrication. The broad spectra of novetkigb dielectric materials growth and
applications will be presented together with large scale crystal growth of hexagonal boron aitride
atmospheric pressure using various metal flux.
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Adaptive learning for quantum sensing

Cristian Bonato, Muhammad Junaid Arshad, Nicholas Wer@tefan Todd, Federico Belliardo

Yoann Altmann, Erik Gauger
HeriotWatt-University, Edinburgh, UK
Contact Emailc.bonato@hw.ac.uk

| will describe our effort to develop "smart" spirmased quantum sensors that selptimise themselves to
operate in the regime of maximum sensitivity4]. | will present an adaptive approach, based on Baye:
estimation, to estimate the key decoherentimescales (T1, T2* and T2) and the corresponding decay
exponent for a single qubit, using information gained in preceding experiments. This approach reduc
time required to reach a given uncertainty by a factor up to an order of magnitude, depeordig
specific experiment, compared to curve fitting data taken on age&rmined parameter range. | will
further describe our current work on retime optimization with pulse sequences developed by medel
aware reinforcement learning [5]. Smart quantwarchitectures, that selbptimise themselves to
automatically operate with optimal settings, will significantly facilitate the adoption of quantum
technologies by nomxpert users.

In the last part of my talk, | will describe our new Attocube/QZabrersogmprobe singlespin 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(Tg&ey)3 Nanocrystals 3D Topologic
Insulator byChemical Vapor Transport

Nour Abdelrahma#d?, Titouan Charvih, Samuel FroeschkeRomain Girau¢] Alexey Popoy;
Sandra SchiemeAzDaniel Wolt, Bernd Biichnér Michael Mertid, Silke Hampél
1 Leibniznstitute for Solid State and MateridResearch, Dresden, Germany

2 Department of Chemistry, Faculty of Applied Sciences, Palestine Technical UHiadmsitye, Tulkarm, Palestine
Contact Emailn.abdelrahman@ifwdresden.de

Since its discovery, thredimensional (3D) topological insulator (TI) attracted attention with their uniqu
spirmomentum locked surface states. 3D Tl materials are characterized by a full insulating gap in tt
and gapless surface states which aretpcted by timereversal symmetry caused by strong spitit
interactions. Charge transfer in these surface states is less sensitive to defects and disorder compar
the ordinary conductive materials. A number of materials have been studied to be 8®thé
prototypical BiTe;, BbSe, and Sble; compounds, followed by ternary compunds:(BER).Te; or Bi(Se-
xTex} and the more complicated quaternary compounds asXBh)2Tea-,Sg)s (BSTS). Quaternary syste
BSTS is an attractive candidate to study the nature of surface states by tuning the Dirac point throug
controlling the proportion of pnictogen (Bi and Sb) and chalcogen (Se and Te) atoms. Here vgualitigt
nanocrystals areequired which were synthesised by chemical vapour transport (CVT) without adding
transport agent and resultgnin wellfaceted single crystals. We studied the structural and
magnetotransport properties of the system BiSh(B®); (Se = 0.0, 0.01, 0.02,....0.09). The chemical
composition and structure of the nanocrystals were analyzed by energy dispensiyespectroscopy,
scanning electron microscopy, and atomic force microscopy. The high quality of the grown nanocrys
and the R 3m crystal structure was confirmed by higolution transmission electron microscopy as we
as magnetotransport measurement
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P2. Near- field optical microscopy of complex plasmonic excitation:

Farid AghashirinovAnant Mantha, Florian Mangold, Julian Schwab, Bettina Frank, and Har:

Giessen
4th Physics Institute, University of Stuttgart, Stuttgart, Germany
Contact Emailfarid.aghashirinov@gmail.com

In this work, we experimentally and theoretically study surface plasmon polaritons (SPPs) on atomic
single crystalline gold platelets of both leramd shortrange types. Shontange surface plasmon
polaritons are difficult to observe comparedlmngrange SPPs due to high attenuation losses, which
shorten their propagation length. To investigate the complete SPP interference pattern on single cry:
gold platelets, we utilize a reflectio@SNOM combined with a tunable broadband laser souvée
disentangle excitations coming both from the scanning tip and the gold platelet edges by applying a
analysis method. This allows us to determine the SPP wavelength and furthermore identify hidden
excitations covered by interference of otherazinels. Fourier filtering makes it possible to identify the
propagation direction of shoftange surface plasmon polaritons, as well as their propagation length. V
explore the impact of platelet thickness on the shmhge SPP wavelength, which in theufe will give us
another tuning parameter for scaling and combining complex ffieédt 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 pakation. 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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P3. Multiple & spectrally robust photonic magic angles in reconfigura
E-MoOa3 trilayers

José Alvarefuervd, J. Duah?, G. AlvarePérez2, C. LanZe?, K. Voroniid, A.l.F. Tresquerres
Matal2 N.CapoteRobayna, A. Tarazaga Martidhuengd-2 J. MartinSanche¥?, V.S. Volko¥,

A. Y. Nikitir?>, P. AlonseGonzéleZ?
1. Department of Physics, University of Oviedo, Oviedo, Spain.
2, Center of Research on Nanomaterials and Nanotechnology, CINNJ(@&iGidad de Oviedo), El Entrego, Spai
3. Donostia International Physics Center (DIPC), Dor®atidsSebastian, Spain.
4 XPANCEO, Bayan Business Center, DIP, Dubai, UAE
5. IKERBASQUE, Basque Foundation for Science, Bilbao, Spain.

Contact Emailjosealvarez@uniovi.es

The assembling of twisted stacks of van der Waals (vdW) materials had led to the discovery of a prc
of remarkable physical phenomena, as it provides a means to accurately control and harness electrc
band structures. This has given birth to thecadled field of twistronics. An analogous concept has beel
developed for highly confined polaritons[1], or nanolight, in twisted bilayers of strongly anisotropic v
YFGSNRALFEE oubned ¢KS SYSNBSyOS 27 S erdaat@giver? LI
twist angle (photonic magic angle) results in the propagation of nanolight along one specific directior
(canalizatiorregime), holding promises for unprecedented control of
Top the flow of energy at the nanoscale. However, there is a fundament
limitation in current twistoptics that critically impedes such control:
il there is only one photonic magic angle (and thus canalizaticection)
? in a twisted bilayer and it is fixed for each incident frequency. Here,
=== overcome this fundamental resttion 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 desireplame
direction in a singléevice, and, importantly, within broad spectral
ranges of up to 70 cr. Our findings lay the foundation for robust an
widely tunable twistoptics, opening the door for applications in
nanophotonics where oidemand control of energy at the nanoscale |
crucial, such as bidetection, thermal management, or nanoimaging.

4
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MoO3 layers. (b) Schematic of the excitation of polaritons in a twisted biaxial system by a sciytezing
scanning neafield optical microscopy {SNOM).
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P4. Hybridization of moiré excitons and trions

Anvar S. Baimuratov
Fakultat fur Physik, Munich Quantum Center, and Center for NanoScience (CeNS)MaxitwiiansUniversitat
Munich, Germany
Contact Emailanvar.baimuratov@Imu.de

We report combined experimental and theoretical studies of transition metal dichalcogenide
heterobilayers with rigid moiré superlattices controlled by the twist angle. Using an effective continut
model that combines resonant interlayer electron tunnelimigh stackingdependent moiré potentials, we
identify the nature of moiré excitons and the dependence of their energies, oscillator strengths and L
factors on the twist angle. Using the same framework, we interpret distinct signatures of bound com
among electrons and moiré excitons in nearly collinear heterostacks. Our work provides fundamente
understanding of hybrid moiré excitons and trions in heterobilayers, and establishes material system
MoTe/MoSe; and MoSeWS; as prime candidates for optical studies of correlated phenomena in moi
lattices
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PS. Imaging of quasbound-state-in-the-continuum properties of
dielectric metasurfaces by neéield microscopy

T. GolZ, E. Baty A. Aignet, M. Barkey, A. Mancint?, F. Keilmanh S. A. Maiet * 4 and A. Titt}
1. Chair in Hybrid Nanosystems, Nanstitute Munich, Ludwiglaximillians University Munich, MunicBermany
2. Center for Nano Science and Technology, Fondazione Istituto Italiano di Tecnologiatalfilan, |
3. School of Physics and Astronomy, Monash University, Clayton, Vidtstialia
4. Department of Physics, Imperial College London, LonddiedBingdom
Contact EmailEnrico.Bau@physik.umuenchen.de

We study the neafield of quasibound-statesin-the-continuum (BIC) array metasurfaces via transmissi
mode scattering scanning neéeld microscopy (SNOM). We show that the collective modes of the
resonator arrays depend heavily on the array sizayasas the direction and asymmetry of its elements
We find that 10x10 is the minimum size at which the collective modes exhibit behaviours characteris
quasiBICs.

As an excellent tool to enhance lighiatter interactions, dielectric metasurfaces supporting gtasiind
statesin-the-continuum enable extreme field confinement and uregh quality factors [1] as they do no
experience detrimental intrinsic absorptidoss as is the case with metallic metasurfaces utilizing
plasmonic modes. Except from studies using electron energy loss spectroscopy or cathodoluminesc
spectroscopy [2], the nedreld response of individual resonators has so far not been experirtignta
studied, specifically how dimensions, shape of arrays and resonator asymmetry could impact the co
quasiBIC mode. Here we introduce imaging of gt2l€l arrays using midfrared scattering scanning
nearfield optical microscopy {SNOM) in trasmission mode, a technique successfully used previously
characterize the neafield response of dielectric hanostructures [3] and thus proven as an excellent tc
map the neafield distribution of single, feve Y & A T S R . BER@GSBNOM (w2 dddrded neafield
images of optical amplitude and phase of pairs of tilted Silicon ellipses on CaF2 substrate at a wave
of 59> Y

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 characteri
field distributions are already detected at much smallaagrsizes than fafield microscopy methods
would suggest. This is done by introducing a convolution method which compares simulation and
experimental images pixdly-pixel to construct a figure of merit (FOM) which shows the strength of the
collective moeé. Using this method, we also examine the effects of structural defects, directional cou
and asymmetry on the nedreld response. The goal of this study is to unite the domains of-fieldr
optical microscopy and BICs aadoptimise the design of future metasurfacegth respect to neaifield
enhancement, spatial footprint and defect tolerance
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P6. Moiré Chern insulators in van der Wahlkyers

Rajarshi Bhattacharyya Evgeny Redekdpand Mirko Bacardi
1 attocube systems AG, Haar bei Miinchen, Germany
2 Department of Physics, University of California at Santa Barbara, Santa Barbara CA, USA
Contact EmailRajarshi.Bhattacharyya@attocube.com

Moiré bilayers of van der Waals (vdW) materials are a versatile playground for studying the propertie
Chern insulators. We present here a selection of remarkable results achieved with attocube systems
technology in labs of attocube customers with emgpisaon integer and fractional moiré Chern insulator:
(MCls) in vdW bilayers: Scanning magnetometry of an integer MCI,,M¢Se shows that its
magnetization can be flipped with a very low current [1], which is appealing for utilization in energy
efficientmagnetic memories. A magnetiptical 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 flavaspldiagram of the magic angle twisted bilay:
graphene (MATBG), identified earlier as an integer MCI at high field [4]. Scanning magnetometry als
reveals the mosaic of MCls with different Chern numbers induced by local variations in the Berry cul
as a function of the filling factor [5]. Moreover, MATBG can also host fractional Chern insulating state
(FCIS) even in low magnetic fields B ~ 5T [6]. Finally, FCIS that survive at B = 0 have been identifi¢
magnetcoptically in twisted bilayer MoTe2 ung trion sensing [7].
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P7. Ultrafast THZASTM on Single Atomic Defects in 2D Semiconductt

Laric Bobzieh? Jonas Allerbeck Eve Ammermah Lysander Huberich Bruno Schulér
Nanotech@surfaces Laboratory, Emp@wiss Federal Laboratories for Materials Science and Technolog
Dubendorf, Switzerland

2Institute for Quantum Electronics, Physics Department, ETH Zurich, Zurich, Switzerland
Contact Emaillaric.bobzien@empa.ch

Semiconductor quantum technology has become a promising platform forgemdration electronics,
enabling ultimate device miniaturization, efficiency and speed as well a$eakgd optical interfacing. Th
robust quantum phenomena enabled by reduced dirsienality can be harvested on wafer scale platfor
In our group, we strive to characterize technologically relevant 2D materials, in particular transition n
dichalcogenide (TMD) monolayers, at the atomic level by means of-eelaperature scanningunneling
microscopy (STM) and ahitio simulations. The fundamental microscopic understanding of point defe
and local quasiparticle excitations is crucial for tailoring and exploiting the electf@mid opto

electronic properties of these materials for future devices.

Our group developed a cutting edge ultrafast STM designed to investigate ultrafast dynamics on the
scalé. In our lab, we generate singtgcle THz pulses for ligitave driven tunneling with picosecond tim
resolution while maintaining atomic spatial resolution. Ultrafast optical pulses allow us to study trans
dynamics to explore TMD defects at the sp#ioge limit. In my PhD, | aim to investigate ultrafast electrc
dynamics and their coupling to the lattice and light degrees of freedom toectwgdlour understanding of
the nature at the nanoscale.
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P8. A twist on 2D spintronics: orthogonally twisted CrSBr
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4Higgs Centre for Theoretical Physics, The University of Edinburgh, Edinmitegh Kihgdom
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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 relatistliglair
semiconductor formed by antiferromagneticabpupledferromagnetic layers (Tx150 K) that can be
exfoliated down to the singHayer. It presents a complex magnetic behaviour with a dynamic magneti
crossover, exhibiting a lotemperature hidden order below T¥40 K. In this work, the magneteansport
properties of CrSBr vertical heterostructures in the 2D limit are inspected. The results demonstrate tt
marked lowdimensional character of the ferromagnetic monolayer, with shrartge correlations above
Tc and an Isintype inplane anisotropy, being the s spontaneously aligned along the easy axis b be
Tc. By applying moderate magnetic fields along a and c axes-gesgentation occurs, leading to a
magnetoresistance enhancement below T*. In multilayers, a-¢give behavior is observed, with neiya
magnetoresistance strongly enhanced along the three directions belédwMireover, we fabricate an
artificial magnet by twisting 90 degrees two CrSBr ferromagnetic monolayers, thus forming an

W2 NI K 2B NVa (i $ R The naghaidfnspbrt 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 andhysteretic magnete
resistane scenariosThese results show that CrSBr monolayer/bilayer provides an ideal platform for
studying and controlling fiekthduced phenomena in twdimensions, offering new insights regarding 2C
magnets and opening a fruitful playground for creating artfionagnetic symmetries and manipulating
non-collinear magnetic textures their integration into vertical spintronic devices.
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Interlayer excitons within felayer systems of transition metal dichalcogenides (TMDCs) have receive
significant attention due to their distinctive optical and electronic characteristics. These excitons,
composed of spatially separated electrbole pais, possess an outf-plane dipole moment, enabling
precise modulation of their emission energy by an applied electric field [1]. Moreover, interlayer excit
can occur as trions involving three particles and are not confined to-bdgd states. Notablglectrons
from higher conduction bands can interact with vale#ti@and holes to form highying excitons emitting in
the ultraviolet spectral region. Recently, our experiments have revealed the pronounced interlayer ni
of these higHying excitons andrions in bilayer WSd2]. Here, we demonstrate that the interlayer
character of these species, discernible by their-ofiplane 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 \\alygtal with a very wide bandgap and often use
as insulating layer for other vdW materials, like graphene. Luminescent centres in hBN have recentl
gathering much attention because of their brightness and their excellent quantum properties at room
temperature, which would make them competitive with staiéthe-art quantum emitters [1], like the NV
center in diamond.

Among the most studied luminescent centres in hBN, there is the charged Boron vacacwidb
features a very broaghotoluminescence (PL) spectrum centered around 850 nm, along with magneti
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. VB
perform indepth PL characterization of these cezgrat different laser excitation wavelengths, power ar
polarization, and at cryogenic temperature, for different hBN thicknesses and for varying HIM irradia
fluences. Our results show that this technique can systematically producejbaitty luminesent
emitters, in good agreement with literature [3], and allow us to have a good benchmark for further sti
on VB emitters in hBN.
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The study of excitations in 2D materials has benefitted greatly from-fieldrinfrared nanospectroscopy
using both lasers and broadband synchrotron infrared sources. With the exception of some highly
advanced lasers, including FELs, the spectral raag®d&en mostly limited to wavelengths shorter than :
um (i.e. above ~650 cm 1 or 80 meV). Recognizing that the synchrotron source performs well to mu
longer wavelengths, we have developed a rield infrared nanospectroscopy capability at the
22IR2ZIM ¢ 0SFYETAYS 2F (GKS DbliAz2yltf {@yOKNRUNRY |
USA) that is now reaching wavelengths just beyond 55 um (~189 esing VLWIR MCT operating at liqg
KStf AdzyY GSYLISNIY GdZNBauo ¢ K2dzZaK 2LISNIGA2Y GAYS
AKEFENARY3I + aAy3atS az2dzNOS SEGNI OlAzys LXIya | N
suite dedicagéd mostly to nanospectroscopy. The design will allow it to cover the spectral range from
visible down to 100 crh(to overlap with coherent THz methods) and serve up to three endstations
simultaneously.

* This work supported by the U.S. Department of Energy under contra&duB12704.
U {SS 1/ { t K243%Ra2Q)tps:/fdei.arg/10.602dacsphotonics.3c01148
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Excitonplasmon polaritons (EPPs) are hybrid states emerging from the coupling between excitons a
surface plasmons. The subwavelength field localization of these polaritons makes them attractive bc
the exploration of fundamental phenomena and apptions in nanophotonics. While the dispersion
relation of EPPs has been retrieved [1], to date no +iedd experiment reported the quantitative
measurement of their propagation length, associated to losses. Here, we preseHigldaneasurements
of ERPs in 13hm-thick WSe deposited on a monocrystalline gold platelet. By measuring the EPPs at
different excitation energies, we reconstruct their dispersion relation. From our experimental data, w:
extract a Rabi splitting of about 81 meV, compared to a experimental averagyefl65 meV, which
demonstrates that our system is in the streogupling regime. Furthermore, we extract from our
measurements the propagation length of EPPs at each excitation energy. These measurements give
the first-time aaess to the full complex wavevector of these polaritons at visible wavelengths. To
demonstrate the quality of our data, we use the complesued wavevectors obtained with our neteld
measurements to predict the féreld reflectivity of our sample. Ounredicted reflectivity agrees very wel
with the reflectivity measured directly with fdireld methods.
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1 OOdzN> 1S (1y2¢6ft SR3IS 2F GKSNXIf O2yRdzOGAGAGE o
critical for engineering thermoelectrics, memristors and other advanced electronic devices and for
studying thermal transport in nanostructured orautum materials. State of the art, timgomain
thermoreflectance (TDTR) isapuhiNBE 6 S G SOKYy AljdzS G KIF G YSI adz2NBa
time-domain thermalization as a function of the probe delay time. However, TDTR spatial resolution
imtSR G2 GKS YAONRBYSGSNI aO0lfS yR NBIldzANBaE f 2\
induces resonance (PTIR) [1,2,3], also known asIRAMa scanning probe technique that uses the tip ¢
an AFM to transduce the sample photothermal expansind to enable IR spectroscopy at the nanosca
However, conventional AFM probes do not have sufficient sensitivity or bandwidth to capture the fas
sample thermalization linked to the sample thermal properties.

Here, we develop an optomechanical cantilever probe and customize PTIR setup to measure at the
nanoscale and at once the entire tird®main sample thermal expansion that follows the absorption of
laser pulses in the nanoscale. This novel setup measufeS NXY I t AT | GA2Yy S@Syia
NBazfdziaA2y F op VY &Ll GAlLf NBazftdziaz2yz | yR
y2AaS 0¥ owveratide(126 MHz) bandwidth. Such high sensitivity, wide bandwidth measure
enad Sa FlLad RIFGF FOljdAaAGA2Y OF Hn Yaou FyR Yyl
macroscaleNB &2t dziA2y ¢5¢w YR F pnnnnn P FFadadSNI i
cantilevers. [4, 5]

As aprooof-LINA Y OALX S RSY2yaiN}rGA2YyZE ¢S 200FAY wmnn
NBfFGAGBS dzy OSNIFAyGe ok' F wmn 2 YR kKD F p 2
measurements do not require extensive probe calibnatfas for other AFMbased measurements) or a
metallic transducer layer on the sample (as for TDTR).

This work paves the way to study fast thermal dynamics in materials and devices with nanoscale
resolution, which is critical, for example, to study the thermal properties of grain boundaries and of
filaments in memristive devices.
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Atomically layered materials, held together by weak van der Waals forces, have garnered huge sciel
interest ever since the isolation of high quality monolayers of graphene. These class of materials sht
wide range of intriguing electrical, magnetind optical properties. Here we report on origin of the chire
skyrmions in F&eTe (FGT) and the Josephson diode effect in Dirac semimeta).NiTe

The ferromagnetic metal FGT has a significantly high Curie temperature of ~ 220 K when compared
other 2D magnets. It has been reported earlier that FGT has a egyrtnetric crystal structure. Recentl
it was shown that §el skyrmion can be stabilizea FGT as a result of interfacial Dzaloszyh&kiya
interaction (DMI). Using thoroughrdy diffraction analysis, we show that FGT lacks inversion symmet
a result of asymmetric distribution of Fe vacancies. Furthermore, we confirm the presengelof N
skyrmions using Lorentz TEM. This vacaimchuced breaking of the inversion symmetry of this compoui
is a surprising new observation and a prerequisite for the bulk type of DMI, rather than interfacial DN
responsible for the stabilization of3dl-Skyrmion [1].

In a completely different study, we demonstrate a large asymmetry (~80%) in the critical current in
Josephson junctions formed from a tygieDirac semimetal NiT@nder small magnetic fields (~10 mT).
hdzNJ SELISNAYSy Gttt REFEGFE YR GKS2NBGAOLE |yl fteéa
by finiteemomentum Cooper pairing in sphelical topological surface states in an otherwise
centrosymmetric syiem. The finite pairing momentum is further established, and its value determined
from the evolution of the interference pattern under an-plane magnetic field. The observed giant JDE
and a clear understanding of its underlying mechanism paves the way to building novel supercondut
devices using Josephson junctions [2].
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The efficiency of producing green hydrogen by photoelectrochemical water splitting highly depends «
the catalyst used. As effective catalysts or cocatalysts several 2D materials have recently been prop
and among them, oxygeterminated MXenes dgerve significant attention for electr@and photeinduced
water splitting. In this work, we described a hybrid phetectrochemical approach based on the couplir
of TeGTx MXene flakes on a plasmeupported Au grating and light triggering of the eleciatalytic
activity of the generated hybrid structure in a water splitting half reaction, namely, the hydrogen evol
reaction (HER). MXene flakes with fluor and oxygen surface terminations were deposited on a perio
patterned gold surface that waspable of supporting surface plasmpolariton (SPP) excitation under
visible and neamfrared (NIR) light illumination. SPP excitation allowsditfbaction focusing of light
energy and effective enhancement of the electrocatalytic performance;GfTkflakes. Under irradiation,
a significant enhancement of the HER kinetics was observed, as well as tuning of the HiERmatiming
step from the Volmer step to the Heyrovsky step. The sexetdlenhanced hydrogen evolution was
observed, which was aitsuted to plasmon assisted hot charge carrier injection, with an additional
contribution from the plasmon heating effect. The proposed gold gratingbThihybrid structure allows
utilization of the NIR part of the solar spectrum, which is commonly setlun water photolysis but
achieves better efficiency in renewable enewgsisted green hydrogen production [1]. In addition, the
created Au/ THGTx structure exhibited good stability during lotigrm operation [2].
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Sa@nning gate microscopy (SGM) is a universal tool to measure spatially resolved transconductance
modulation of drain current of the junction by varying gate voltage in a few tens ofrhesetup
comprises &ustommade PCB ansbckettype sample carrierThe gate voltage is locally applied by the
Ptlr-coated cantilever of the SGM, and weak modulation of the drain current is detected by-ia lock
technique In this experiment, wasimultaneously measured the spatially resolved transconductance ar
the topography of the vertical grapheA® S-metal junction using the SGM. It could provide a unique
opportunity to study the substantial carrier transfer through the vertical grapREREDC junction.
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Figure3 SGM images of graphene/WS2/metal junction barristor by varyipg '
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Thesuperconducting state of theagicangle twisted bilayer graphene (MATB&onstituted byonly ~
1011 carriers per square centimetgiive orders of magnitude lower than traditional superconductors. T
ultra-low carrier density results in an exceptionally low electronic heat capacity &ardekinetic
inductance[1]. These parameters make MATBG an ideal candidate for quantum sensing applisatkbns
asthermal sensing2] and singlephoton detection (SPDIn this study, we take the first step tlevelop a
SPD based on superconducting MATBG and perform a-pfgoinciple experiment to demonstrate the
capability of detecting singliphotons.Byvoltage biasing a MATBG device near its superconducting ph
transitionwe observe complete destruction of the SC state upon absorption of a single infrared photc
even in a 16 pradevice[3]. Our work offers insights into the MATEBBoton interaction and shows up
pathways to use novel moiguperconductors as an exciting platform for revolutionary quantum device
and sensors.
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Fig.1 Superconducting MATBG as an ulensitive material for SPD. (A) The nigdirared photon,
incident on the voltagdiased MATBG device, breaks Cooper pairs and generates a photovoltage ou
Vph. (B) Logarithmic plot of film thickness d versus cadeeisity n for various superconductors. Notably

graphenebased superconductors exhibit the lowest carrier densities.
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Low symmetry crystals feature ngrormal oscillations that result in nerero off axis components in their
permittivity tensor. Consequently, they have emerged as a new platform to study an unconventional
polariton phenomena, the soalled shear polaritonsvhich exhibit distinct optical properties such as
asymmetric light propagation and energy dissipation, and frequelegendent optical axes.

Recently, hyperbolic shear polaritons have been observed in bulk monoclinic crystals ligaltiata
oxide and cadmium tungstate. Here, we demonstrate the observation of shear polaritons in gypsum,
exfoliable monoclinic sulphate mineral using scatigitiype scanning nedfield microscopy and narBTIR
spectroscopy on mechanically cleaved flakes. We unveil hyperbolic shear polaritons and, more rem:
elliptical shear polaritons, together with light canalization between both regimes in a narrosRmid
frequency range. These discoveries expand the integration eElommetry crystals into heterostructures
and photonic devices that could potentially reveal new nanoscale optical phenomena.
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The distinct electronic structure of magic angle twisted bilayer graphene (MATBG), marked by flat b
specific twist angles, presents a unique platform for investigating the interplay between the Josephs:
effect and strong correlated states. Here veport on the creation of Josephson junctions (JJs) where t
weak link is made of a MATBG sheet that is contacted on the edges by superconducting leads. This
geometry, compared to previous works on gatefined JJs [B], enables us to study all the phadiagram
of MATBG under an induced superconducting proximity effect. First, we show how the Josephson ef
behaves differently in the high dispersive bands as compared to the flat bands. Finally, we will repor
reversible superconducting diode effewnhich is only observed in samples near the magigle and at
certain fillings of the flat band.
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Figure 1: Schematic of our experiment, consisting of a MATBG sheet acting as the weak link of a Jc
junction.
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Classical hydrodynamics, where interparticle collisions dominate transport, can give rise to peculiar-
patterns. An analogous flow regime can also manifest itself in-stdig systems, most notably in
graphene. Here we present an experiment whereimaged one of the most striking hydrodynamic
transport patterns- stationary current whirlpoolsin a roomtemperature monolayer graphene device.
Our experiment takes advantage of a scanning nitregarancy magnetometer, which is able to non
perturbativey image the current density with nanoscale resolution. We show that the appearance of
vortices depends both on the characteristic device size and the carrier doping (electrons, holes) of
graphene. Our demonstration opens exciting opportunities for ingasitig mesoscopic transport
phenomena with local imaging techniques.
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The photophysical properties of the lofiged interlayer excitons (IXs) of semiconducting transition met
dichalcogenide (TMD) heterobilayers have been the focus of recent studies. These 1Xs have great p
to be the primary candidates for the advament of valleytronics and optoelectronics devices in the
future. Although the two IX spin states, namely sgiimglet and spi#riplet, have been experimentally
confirmedX4, the existence and the nature of the interaction between these states remainawn to
date. In this work, we demonstrate the presence of coherent coupling between the IX spin states of
WSe-MoSe heterobilayer utilizing quantum beat spectroscopy via a hdyét Michelson

interferometer. The quantum beating signal as a signature of coherent coupling between the closely
spaced transitions of IXs was observed, and corresponding dephasing time$,#p400 fs were
measured. The calculated energy difference between the PL emission peakssihgpghand spiriplet
IXs obtainedy the measured beating period is in close agreement with the energy separation in the
integrated PL spectrum and further confirms the coherent nature of the coupling between these statt
Our findings further highlight the significance of coupledum states for the future engineering of
excitonbased valleytronic and quantum photonic devices.
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Complex correlated phases in vdar-Waals materials such as transition metal dichalogenides (TMDC:
are a current interesting field of study. Studying phase transitions with high spatial resolution as func
of temperature in parallel with charge transg experiments is especially interesting in this respect. A
particularly intriguing system is the TMDGTAS, in which various charge density (CDW) states are
known. Our focus is the controlling of the phases via temperature, electrical biasing gouéses while
simultaneously resolving the change in physical properties. With our cryogenic scanning nearfield of
microscope (cryeésNOM) we are able to track the optical conductivity with sub 100 nm lateral resoluti
while controlling the temperatwe. Additionally, applying electrical current through the device is anothe
possibility to trigger CDW transitions in the material. It also allows to track phase transitions due to
changes in the overall electrical resistance during temperature sweep<DWedomains exhibit two
energetically equal chiralities, which can be formed by quenching the system or stacking layers on tc
each other. Such interfaces of opposite chirality are one potential explanation for measured meta stz
states. Creating aficially such interfaces and measuring electrical transport along them will give furtr
inside in the forming of different CDWhases.
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Copper Indium Thiophosphate (CulnP2S6, commonly known as CIPS) is a van der Waals material t
captivated lots of interest due to its robust ferrielectricity at room temperature (TC ~ 315K), persistini
the thin limit, which is attractive for manypalications, including nowmolatile memory, nanoscale
transistors or high dielectric capacitors.

In this work, we attempt to further understand the dielectric behaviour of CIPS as a function of its
thickness dependence. We subjected our bulk CIPS flake to cycles of low angle/energy ion beam m
and ellipsometry, AFM and Raman spectroscopy chatiaetéon, down to the nanometre scale. We foun
an anisotropic behaviour of the dielectric function with thickness dependence over the range of hunc
of nanometres to few nanometres. We also corroborated the presence of a critical thickre$8@ nm
where a change in dielectric behaviour is observed in both theane and outf-plane measurements,
with a significant enhancement of the eaf-plane dielectric constant around,tanalogous to the
behaviour observed in the temperature dependent ferrielecparaelectric transition atd~ 315K of bulk
samples.
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The nanoscale analysis of photocurrent is a versatile tool to gain information about electronic states,
quantum processes, and device characteristics of quantum materials. When photocurrent is studied
nearfield scattering microscope-8NOM), it ipossible to overcome the diffraction limit. Thus one can
image the local characteristic of the devices with a 20 nm resolution. In this work, the analySisiOM
images of the local photocurrent generated at mdpidayer graphene interfaces is perfoeghto gain a
more profound knowledge of the specific mechanisms governing electronic flow and resistivity at a
nanoscopic level. In particular, by analyzing the polarity of the photocurrent concerning the ivaice
voltage applied across the devicewias possible to indirectly image the charge carrier accumulation
around a defect during electronic charge flow, predicted by Landauer in 1957. It was found that for v
of the Fermi energies in proximity to the charge neutrality point (i.e. at low tiotdectron doping) the
photocurrent has the same polarity as the applied sotdicain voltage, as it would be expected for
changes in carrier concentration induced by the Landauer resistivity dipoles.
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Structures consisting of two stacked TMDC monolayers exhibit interlayer excitons, where the electrc
hole are spatially separated in the two different layers. These interlayer excitons themselves have-cc
atively low oscillator strength, which mawnit their use in the context of polaritonics [1].

However, in systems of two layers of TMDCs, the aforementioned interlayer exciton can couple-to al
tralayer exciton, leading to the formation of a hybrid interlayer exciton. Here, the electron in one laye
interacts with a hole tunneling between bothylers [2]. This configuration has an eaftplane dipole
moment and a high oscillator strength. The degeneration of the dipole orientation can be lifted by an
ternal electric field, leading to a splitting into two different states. These two states eatifibuted to

the dipole moments parallel and antiparallel to the external electric field [3,4,5].

Furthermore, these hybrid interlayer excitons show a stronger interaction with each other compared
the A exciton. Thus, by increasing the exciton density, the blueshift of the hybrid interlayer exciton e:
the blueshift of the A exciton [6,7].

We study the exciton resonances by introducing a high exciton density while applying-efptane
electric field and observe an enhanced blueshift of the hybrid interlayer exciton compared to the A e
providing information on the interaction of thdifferent excitons.
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Polaritons in van der Waals (vdW) crystals have recently emerged as a promising tool for controlling
the nanoscale with unprecedented capabilities. Among them, phonon polaritons (PhPs) in biaxial vd
layers [1,2] are of special interest due to thstrong anisotropic propagation, high confinement and ultr
low losses. More importantly, PhPs in twisted biaxial vdW layers have been recently demonstrated t
exhibit extraordinary properties, such as optical topological transitions [3] and assocztatization
phenomena [4]. Despite the importance of these results, a general theoretical model [5] that describ
propagation of polaritons in twisted heterostructures is lacking. Here, we report on such a model by
considering an arbitrary number oftated biaxial slabs separated by different dielectric media. By
comparing with experiments and fullave electromagnetic simulations we obtain a perfect agreement.
This work lays the foundations for future experiments in the field of twistoptics, allolwmetheoretical
prediction and justification of the propagation of polaritons in twisted heterostructures made of biaxie
vdW slabs.

Fig. 1 Schematics of a heterostructure made of an arbitrary number N of biaxial slabs of finite thickn
RA YR NBfFGAGBS GoAad Fy3ftSa *-hEldbWithdespedto then = A
bottom slab (denoted by the index 1).
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During the last few years, topology has been combined with plasmonics by introducing boundary
conditions into surface plasmon polariton (SPP) eleabricpin vector fields. In our work, we exploit the
atomically flat surfaces of single crystalline gdiatglets for SPP excitation, propagation, and interferen
SPPs are excited on grooves that are milled into the gltnaoth gold surface by utilizing a focused beat
of Au2+ions. According to the shape of the grooves, SPPs are excited and interfeestiesp, hence
they exhibit characteristic topological features in their electromagnetic fields. We will introduce our
sample fabrication as well as our measurement techniques, which arg@heton photo electron emissior
microscopy (2PPE PEEM) and secannearfield optical microscopy (SNQMndapply them to specific
examples in topology.

P28. Tip-enhanced photoluminescence of 2D materials
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Two-dimensional (2D) materials have attracted special attention in recent years due to their outstanc
properties, such as high stretchability, efficient light extraction and low cost, which make them a prot
platform for applications in electroniad optoelectronic devices [1]. The use of experimental techniqu
to investigate their optical properties with nanometer resolution represents a rich resource for both
exploring the performance of 2D materaased nanodevices and for fundamental studies:. example,
the nature of quantum emission observed in loimensional transition metal dichalcogenides (TMDs) ¢
hexagonal boron nitride (hBN) is still under debate, with no clear agreement on whether this emissio
due to strain fields or the presea®f defects in the material [2]. This unknown is due in part to the
diffraction-limited spatial resolution achievable with commonly used photoluminescence (PL) system
In this regard, scatterintype scanning neafield optical microscopy {SNOM) provides both nanoscale
resolution and enhancement of the emitted photoluminescence. In this work, preliminary images of \
monolayers taken by tienhanced photoluminescencd@ EPL) usingSNOM are presented. As seen in th
images, this method can resolve wrinkles, boundaries and edges of the monolayer. We anticipate th
possibility to obtain nanoscale characterization of quantum emitters using this technique.

References o

omM8 {® LPd ITTFYZ Y tFNI25 yR D® az22Rés a4t NBaLSO
Physics Letters 118, 240502 (2021).

[2] S. Castelletto, F. A. lnamAS® { I 22 FyR ' & . 2NBGGAZ &l SEF3I2Yy I ¢
platform for singlephoton sources and the spihJK 2 1 2y Ay G SNF I OS¢ > . SAf ai Sqvep
(2020).

94


mailto:b.frank@pi4.uni-stuttgart.de
mailto:juliagprieto@uniovi.es

P29. Recordhigh Anomalous Ettingshausen effect in a miestred
magnetic Weyl semimetal echip cooler

Mohammadali Razeghj Jean Spiede Valentin Fonck Yao Zhantf, Michael Rohdé, Rikkie
Jorig, Philip S. Dobsoh Jonathan M. R. WeaverLino da Costa Pere#aSimon Granvillé,
Pascal Gehring
1IMCN/NAPS, Université Catholique de Louvain (UCLouvain), HatNainve, Belgium

2 QSP, KU Leuven, Leugsigium
3 Robinson Research Institute, Victoria University of Wellington, Wellington, New Zealand
4 MacDiarmid for Advanced Materials and Nanotechnology, Wellington, New Zealand
5James Watt School of Engineering, University of Glasgow, Gladgted Kingdm
Contact Emailexample®example.com

Solidstate cooling devices offer compact, quiet, reliahted environmentally friendly solutions that
currently rely primarily on the thermoelectric (TE) effect. Despite more than two centuries of researcl
classical thermoelectric coolers suffer from low efficiency which hampers wider application. In this st
the less researched Anomalous Ettingshausen effect (AEE), a transverse thermoelectric phenomenc
presented as a new approach for-chip cooling. This effect can be boosted in materials with-tnivral
band topologies as demonstrated in the Heuslboy Co2MnGa. Enabled by the high quality of our
material, in situ scanning thermal microscopy experiments reveal a rdwe@king anomalous
Ettingshausen coefficient é2.1mV in pmsized orchip cooling devices at room temperature. A significe
37% ofthe effect is contributed by the intrinsic topological properties, in particular the Berry curvature
Co2MnGa, emphasising the unique potential of magnetic Weyl semimetals fopifgrmance spot
cooling in nanostructures.
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S-SNOM is a statef-the-art superresolution infrared (IR) microscopy and spectroscopy technique witt
resolution of about 2Gim. It is applied to a wide range of materials from 2D materials to biomolecules
However, the studies are performed in a drigdts, making it impossible to investigate dynamic systerr
in their native environment. Recently, we introduced a newitn SSNOM method for studying complex
dynamical phenomena, such as living biological cells in water over many hours. The methed isrbas
ultra-thin silicon nitride membrane (10 nm), enabling robuSNOM operation in reflection mode (Fig.
1a). Here, we show that the method enables the investigation of actively triggered dynamic process
form of photoswitchable lipid vesicles submicrometer size in their aqueous environment. Vesicles of
such a dimension are challenging to study with conventional fluorescence or phase contrast microsc
which further interferes with the photoswitching process of the vesicle. We demongtrateve can
actively photoswitch vesicles (Fig. 1b) between two morphologies and simultaneously image them. |
addition, we report that it is possible to discriminate two photoisomeric states of the photoswitchable
molecules based on intensity diffarces in their nandTIR spectrum (Fig. 1c). Finally, we introduce a n
transient SSNOM method to monitor fast dynamic processes by tracking the IRfie&ghsignal traces of &
single wavelength at a defined tip position on a vesicle down to 50 mautesolWe believe our findings
will inspire researchers in the field of nefi&ld microscopy to use the -isitu SSNOM technique and the
newly reported transient neafield signal trace to study complex time dynamics in their native
environment on the naoscale.
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Figure 1 (a) Depiction of the-gitu SSNOM method for photoswitchinttpe lipid vesicle in aqueous solution with U’
VIS light (blue) and imaging the vesicle withigRt (red). (b) Single wavelength neféld optical amplitude images s
of a single lipid vesicle in trarend cisstate, scale bar 500m. (c) Nane=TIR phse spectrum of the tranand cisstate
of a lipid vesicle with switching resonances marked by the red boxes.
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Scanning NitrogeiWacancy (NV) microscopy is a vadtablished, versatile, and nenvasive imaging
technique that senses stray fields above sample surfaces. The NV center, as a scanning magnetom
capable of nanoscale resolution and nanotesla siites [1,2]. It is operable from room temperature
down to cryogenic conditions and has therefore been used to study a wide range of materials and
phenomena like skyrmions [3], spin waves [4] and superconductivity [5]. The NV center is also sensi
electric fields, and its application for the detection of emanating electric stray fields in a scanning set
been recently demonstrated using a gradiometric detection scheme [6]. The combination of both NV
imaging techniquesMagnetometry and Electroetry - yields great potential in understanding complex
physics like the ones present in ferroic materials and their underlying domain structures.

In this project we study materials with stable ferrpitases in both, magnetic and electric domains acro
different temperatures using a scanning NV microscope. Electrometry is being used to characterize
benchmark a series of samples ranging from the-sgtioid in BiFeO3 (BFO) to the Aurivillius coomab
Bi5FeTi3015 (BFTO), a ferroelectric material at room temperature with 4pédne polarization [7]. They
provide a platform to study different types of ferroelectric domain structures and offer the possibility
develop NV Electrometry a step furthi@to a more robust and reliable sensing scheme. Simultaneousl
we use NV Magnetometry at cryogenic temperatures to observe magnetic textures in multiferroic
hexagonal rareearth manganites around their magnetic phase transition. Multiferroics are médeigh
more than one ferroic order in the same phase, for instance, ferroelectric and antiferromagnetic, anc
such, have been proposed as natural candidates for aglogvgy:switching, nonvolatile nanoscale
magnetic memory [8], which is a burning demdain our highly digitalized society. The unique ability of t
NV scanning microscope to resolve diverse magnetic textures and relate them to their ferroelectric
counterparts will allow to study these materials from a brarelv perspective, by for examplebserving
antiferromagnetic and ferroelectric domains in a crassrelative manner.
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means to tune their physical properties, such as optical response, and to generate new intriguing ph
such as superconducting ones. Their unique properties mainly derive from strong interactions of sle«
in Moiré bands that are highly sensitive to the stacking order and the interface of the stacked materi
dependence of the material also strain and inhomogeneities can play a role here. Changing the nat.
2D materials of vdW and the interactiohstween layers leads to get different chemical and/or physical
properties of these heterostructures. Diverse applications of 2D vdW heterostructures are based on
preparation of highperformance devices with a very clear interface between layers. &dcel fabrication,
the conventional method of exfoliation is the favorite method although there are many limitations. Ot
Ff GSNYIFGADBS YSGK2R 2F /¢ A& | 02G02YbdzLd | LILJ
defects.

Here, we grow our heterostructures by sequential or parallel CVT by a combination of thin MoS2
semiconductor and multilayer CrCI3 ferromagnet witipiane easyaxis magnetization. The
heterostructures will be comprehensively analyzed by SEM and TEMoleedke atomic structure,
including minute details on the interface as well as to investigate the physical properties e.g. by Ran
spectroscopy, Xay photoelectron spectroscopy and photoluminescence. With this new method, we ¢
assemble transition metarihalides/transition metal dichalcogenides heterostructure with high quality
different layer thicknesses.
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Monolayer semiconducting transition metal dichalcogenides (TMDs) feature particularly strong nonlil
light-matter interactions, which result from the large oscillator strength of tightly bound excitons. We
investigate the thirdand seconebrder nonlinea response of TMDs using phasteaping of broadband
laser pulses resonant with the lowest excitonic state. We find that the-fitaue mixing response of TMD
can be coherently controlled and enhanced by manipulating the spectral phase profile of thpubsser
Here, the optimum spectral phase profile crucially depends on the exciton resonance energy of the
and the laser fluence. Sufrequency generation, on the other hand, is maximized for shortest laser pt
at the same experimental conditions. Vikeen show that upon increasing the pump fluence pulsed lase
excitation can induce a Mott transition from an excitonic regime to an electron hole plasma in TMDs
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In the past decade, 2D Transition Metal Dichalcogenides (TMDs) have emerged as promising altern
Stbased technologies. A major challenge associated with TMDs is their high contact resistance. Sev
studies have aimed to mitigate this issue byuohg TMDs with 12lichloroethane (DCE) solution, and thi
has been successfully demonstrated for MdS8 this study, we provide an-glepth analysis of the optical
consequences of this doping technique by employing photoluminescence (PL) and Ramaremeatsur
on MoS2 layers posgirowth DCE treatment. Our findings indicate a significant drop, exceeding 50%, i
PL intensity of the indirect transition forldyer MoS following only tminute DCE treatment. Notably, the
direct transition remains unaffected. Comparable outcomes were observed fos llgESs ranging from 4
to 7 and multilayers exceeding 7 layers. Based on these results, we present a valuable guide detailii
thickness and time dependencies of DCE doping across varioudayierS.
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Most of the unique phenomena of felayer graphene (FLG) FLG like-raifl quartermetals and
superconductivityin rhombohedral trilayer graphene (TLG) can only be observed when the FLG flake
encapsulated in hexagonal Boron Nitride (hBNe fabrication process of encapsulated graphene dev
can alter the stacking order and induce defects within the FLG fl@ke.present stacking order and
L2aaAroftS RSTSOGa aAayAFAaAOryate Ay¥FtdzSyOoS GKS
visualization of stacking domains and defects in graphene flakes before, during, and after the fabrice
a transport avice is of great interest.

Conventionally, the stacking orders within an FLG flake are characterizeddpyR&man spectroscopy.
However, being diffraction limited, both techniques cannot provide information about graphene's loci
sub-micrometersized electronic structure. They are even worse when another material, such as hBN
covers the graphene, because the signal from the lgeae is reduced. This makes it more difficult to
identify defects in the FLG that may form during the stacking protess.

Recently, Liu et dishowed that phonon assisted nefield imaging can visualize stacking domains in
encapsulated foutayer graphene. However, the underlying coupling mechanism and the visualizatior
subdiffractional defects remains elusive. Here, we elucidate that tlemph assisted imaging is mediatec
by coupled hyperbolic phonon plasmon polaritons which we characterize with scattggagcanning
nearfield optical microscopy in an hBN TLG heterostructure. We show that these coupled polaritons
for superresoluion imaging of subdiffractional sized defects in graphene through the hBN-tayeat the
so-called hyperlensing effeéf We use the hyperlensing effect to identify defects in FLG below 33 nm
hBN and show the sliding of domains, before and after encapsulation of an FLG flake. Our work pav
way for characterization of FLG devices during fabrication, where the doceairtse altered and defects
may form due to mechanical stress and strain during stacking, heating, and electric fields.
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In this work we present our initial near field study of surface plasiploonon polaritons (SPPhPs) optica
excited in RGaNsurface gratings of linear and circular geometries. Semiconductor based thermal rad
sources based on SPPhP excitation were recently developed demonstrating emission of high spatia
in a farfield with high temporal coherence in the rangevadivelengths near 570 chil]. While farfield
results show promising macroscopic behavior of the emitters, an understanding of underlying physic
extended applicability can be obtained by performing nfteld studies of the SPPhPs. For the first time
coupling and launch of the SPPhPs in the GaN gratings were achieved by perfe&NiDlyls
measurements provided by Attocube systems AG with laser excitation in the spectrum from %7® cm
920 cmt, which covers the Restsrahlen band of doped GaN semiconductor.

Figure 1 demonstrates the polariton launch at the grating edge and propagation through the
semiconductor surface in the maps of amplitude and phaseSN®M signals. The numerical modeling
SPPhP dispersion allowed us to refine the investigated grdésigns and experimental configurations
taking step further in the creation of means of improved electromagnetic energy control, emission, o
concentration at the surface of semiconductors.
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Figure 1. Topography (Z) Amplitude (A) and phase (P) mafSN®M imaging results at the edge of
periodic rGaN surface grating at the laser excitation frequency of 928 ttaltiple sSSNOM harmonic
results (0105) are displayed.
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The twadimensional (2D) transition metal dichalcogenide (TMD) family has the potential to be used .
active material for the nexgeneration pn junction (opte) electronics devices because of its fascinating
electronic, optical, and physical propedieThe main obstacle is the lack of homogenousinp ntype
doped 2BTMD due to the doping challenge during growth. Beyond the conventional doping techniqu
during growth, several approaches have been employed to achiemedotype 2DTMDs. In thistudy,

n- and ptype WS2 and WSe2 baseghjunction diodes were fabricated, and the effect of traditional
doping and posgrowth doping (dichloroethane and ultraviolet ozone feramd p- type, respectively) on
the diode parameters and emission profiletbé devices were investigated. It has been observed supe
emission properties in the conventionally doped-ZBIDsbased junctions, while the posfrowth doped
materialsbased pn junctions exhibit better diode characteristics in terms of electricapprtes.
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The twedimensional (2D) transition metal dichalcogenide (TMD) family has the potential to be used .
active material for the nexgeneration pn junction (opte) electronics devices because of its fascinating
electronic, optical, and physical propesielhe main obstacle is the lack of homogenousgnp ntype
doped 2BTMD due to the doping challenge during growth. Beyond the conventional doping techniqu
during growth, several approaches have been employed to achiemedmtype 2DTMDs. In thistudy,

n- and ptype WS2 and WSe2 baseghpunction diodes were fabricated, and the effect of traditional
doping and posgrowth doping (dichloroethane and ultraviolet ozone feramd p type, respectively) on
the diode parameters and emission profiletbé devices were investigated. It has been observed supe
emission properties in the conventionally doped-ZBIDsbased junctions, while the posgfrowth doped
materialsbased pn junctions exhibit better diode characteristics in terms of electricapproes.

102


mailto:martin.kalbac@jh-inst.cas.cz
mailto:gokseninkomurcu@istanbul.edu.tr
mailto:fahrettin.sarcan@istanbul.edu.tr

P39. Investigation of 2D plasmons in graphene on gratated
AlGaN/GaN HEMT structures grown on SiC substrate
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In this work we report the investigation of surface polaritons launched in@w®n graphene transferred
on to gratinggated AlGaN/GaN higklectrornrmobility transistor (HEMTtructures [1]. Heterostructure
consisted of (topdown) 1.5nm GaN cap, 2m Ab.2sGa 75\ barrier, 200hm GaN channel, and 1}8n GaN
buffer with AIN nucleation layers on 45IC. Gold surface grating of 4x#? area with a period of
1020nm and metal line width of 550m were deposited on top of heterostructure before graphene
transfer. The twedimensional electron gas formed at interface of ABa 79N/GaNwas characterized to
have carrier density of 1.0x30cm? and mobility of 1.8x18cn?\1s*! at room temperature. While near
field coupling of graphene surface plasmons has been reported before [2], we investigated the intere
between graphene surface plasmons and optical phonons in buried-pefaiconductor layers of a novel
plasmonic HEMMeterostructure [1].

For this sSSNOM system frorattocube systems A®as used for the near field experiments registering
amplitude and phase of the coupled light, using a QCL source laser operating in spectral range from
1500cm*t. The selected spectral range covered the LO phonon range of SiC allowing to tune off the
interaction between the surface plasmon and underlying phonon. Large area mapping was investiga
The excitation of surface plasmon polaritons by different surfaogphology features including graphene
grain boundaries, graphene wrinkles and gold surface grating was demonstrated (see Fig. 1). Qualit
RATFSNEyOSa 6SNBE 20aSNISR 0SGsSSy RAFFSNByf
0KS al OGAG@S¢ IANI LIKSy D2NI ASR  dZ dzyaRI2NE  [HyWR FINI2
defects currently identified as graphene wrinkles Blperiments at different frequencies revealed that
with the increase of laser frequency from 94! to 1550cnP?, the plasmon propagation distae@s well
as its amplitude decreased significantly, indicating probable decrease of plasmon localization at the
of the structure.

(38,65 pm, 60.97 pmi: 135

Figure 1.Near field amplitude map of graphene plasmons excited on AlGaN/GaN HEMT structures
substrate at the laser frequency of 9ti#l. Surface coupled by different surface morphology features
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at graphene wrinkles; 3 and 6 plasmon excitation from gold grating
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Nanoscale patterned superlattices in topological insulators are predicted to renormalize the Dirac ve
of the surface states and correspondingly enhanc electronic interactions, which may ultimately resul
the emergence of correlated stated, suchtagological superconductivity [1]. To fabricate superlattices
with the required lattice constants on the order of 10 nm, we discuss the application-ioinHmzEam
milling. The helium ion microscope has evolved as a versatile tool for both nanoanalyticarascale
fabrication with a resolution well below 10 nm [2]. We characterize the transport in the superlattices
magnetc and optoelectronic transport. For the latter, we extend optoelectronic measurements fron: r
infrared (from 0.8 um) to midhfrared wavelengths (up to 20 um). The latter may allow a selective
excitation and reaebut of the surface state and its quantum geometric properties [3] without contribut
FNRBY o0dzZ 1 oFyRad ¢KS NBASINODK Aa adzLleRaddarsHandi
Innovation Programme under Grant Agreement No 101076915 (2DTopS).
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Two dimensional (2D) materials have garnered increasing attention due to their unique and extraord
electronic and optoelectronic capabilities in their layered form. A novel class of atomically thin 2D
materials includes the transition metal dichalcogges (TMDC) exhibiting fascinating properties in their
metallic, semiconducting, superconducting and insulating phases opening doors towards stacking
heterostructures to see novel physics in applications, such as, superconductivityneanoptical
phenomena and exciton dominated lightatter interaction. One such TMDC based superconductor-s .
NbSe2 with a bulk critical temperature around 7K and showing exceptional Ising superconductivity ir
monolayer form. Unlike conventional superconductivityrietals and alloys, unconventional
superconductors such as the TMDC superconductors have an anisotropic order paramefeesHrg
study, hence, aims to study 2D NbSe2 in light of the unconventional superconductivity by realizing it
macroscopic transpomwith superconducting critical fields.

In this study, we conducted an extensive investigation of the electronic properties of 2D supercondu
NbSe2 showing an existence of charge density wave and superconducting phase, respectively. The
superconducting phase varies as a function of tempergtapplied external magnetic field and input bia
In addition,a nonreciprocal transport is observed for arpiane and ouf-plane direction of the
magnetic field. The knowledge gained from the present investigation alongwith understanding the
optoeledronic properties of MoSe2/NbSe2 heterostructure serves as a foundational understanding ft
realizing the polaritonic mediated superconductivity and AndrBeagkin effect in semiconductor
superconductor heterostructures where exciton polaritons replaeedbnventional Cooper paies
bindingagents resulting in exciting physics at the quantum regime.
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We report on the implementation of a scanning nitrogesicancy (NV) magnetometer in a dry dilution
refrigerator. Using pulsed optically detected magnetic resonance combined with efficient microwave
delivery through a cglanar waveguide, we reach a basengerature of 350 mK, limited by experimenta
heat load and thermalization of the probe. We demonstrate scanning NV magnetometry by imaging
superconducting aluminum and niobium tHiim microstructures at nanoscale resolution. The sensitivi
ofourmeasub YSy (lda A& | LIINRBEAYLFGSt& mu>¢ LISNI alj dz NX
performing noninvasive magnetic field imaging of tdimensional micreand nanostructures with
scanning NV centers at sitelvin temperatures.
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Transitionmetal dichalcogenides (TMDs) represent an exciting class of materials with a variety of
properties such as high refractive indices, ddimensionality, and excitonic features that make them
highly suitable for research into cuttirerdlge nanophaanics and twistronics. For example, stacks of TM!
material with submicron spatial dimensions can act as nanoantennas, interacting with incident light v
nearfield electromagnetic modes, and presenting a fertile environment for exploring-fieder
elecromagnetism and other hanophotonic effects. Additionally, these TMD nanoantennas are readil
to adhere to many surfaces, allowing for the engineering of hybrid dielegdiit structures whose
properties depend on the TMD material and the geometrthef nanoantennas. Here we study cylindrice
WS2 pillars on gold, showitigat these
nanoantennas can interact with neéeld
quasiparticles such as surface plasmon polariton
(SPPs) hosted by the geddt interface. These
nanophotonic structures were stiet using
scatteringtype, scanning neafield optical
microscopy (SSNOM) in conjuncture with a tunabl
4 2 0 2 . laser source, allowing for information to be
dictofitis o 3] collected at individual wavelengths across the
visible and neatR spectral ranges. SPP reflectior

0nm Illumination

i

Fourier Transform

Au and lanching mechanisms were observed from

Pi”ar'sl?:%nmd the nanoantennas at these different wavelengths

v likely due to the coupling of the Mie modes withir
[ e the antennas to the SPP modes in the gaiid

interface, leading to complicated interference
(Left) SSNOM data taken from WS2 pillars on gold, measure: patterns recorded in the-SNOM data. Utilising a
700nm illumination. (Top right) 2D Fourieansform of the s novel Fourier analysis method, we are able to
SNOM data, hlghllghtlng the different !nterference patterns separate out the effects of each individual
observed. (Bottom right) Summary of interferergattern ] )
sources in the data, correlated to the patterns observed in th mechanism from the data, allowing a deeper and
Fourier transform. more accurate analysis of the polariton propertie:
than commonly achieved. This method has further applications in-BRGM study of other polaritons
species (such as exciton polaritons and phonon polaritons), and for the research of 2D materials ant

photonic structures.

Edge-scattered photon
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Two-dimensional (2D) transition metal dichalcogenides (TMDCSs) such asaMb®/Seand their alloys
have been extensively studied with an exggowing interest due to their superior transport properties fo
ultimate device scaling. To attain a high performance electronic and photonic characteristic in ultrath
TMD-channel field effet transistor (FETS) devices, leakage free-kighte dielectric is inevitable issue.
Herein, we report the synthesis of high | Y 2 NLIRRTEZ3, thia filnds showing an adjustable
RASE SOGNRO O2yaidlyid 2F codHo Wimegand Ti(gcReDiPdcyr R 3
precursors by solution processed mist CVD [1,2]. A 0.015 M Al{acacTi(acaeDiPep solution with
CHONH dilution was placed directly above a 3 MHz atomizewads used as a generator and dilution gas
(500 and 2400 sccm) to transport the mist. Further, an exfoliated-EMdbnel MOSFET has been
fabricated on Al74Tb.2¢0y gate insulator with Au as source and drain electrodes. The mobility of 8¥sm
threshold voltage of 0.92 V, and an on/off current ratio of [B). However, highquality defectfree large
area TMDCs films and transfieee device fabrication are still in interest towards nano device applicatic
Thus, we will present prospect of controlled mist CVD process to be applied for the growth-&fdagg
dielectric and TMD channel layer towards optoelectronic applications.
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P45. Exciton Polaritons in Angstrom thick van der Waals Materials
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Transition metal dichalcogenide (TMDC) monolayers support excitonic states in the visible at room
temperature with strong binding energies, which makes them interesting for polariton based devices
Polariton propagation in thin slabs of TMDCs down to 1dmthickness have been shown?, however, th
have never been imaged in angstrom thick samples in real space, due to the requirements on the re
indices of the cladding media to support propagating modes. Here we study epdtariton waveguiding
Ay | FNBSaldlFyRAYy3 2{i Y2y2ftl &SNJ 06& A Y ltypdstahning
nearfield optical microscopy {SNOM). Combined with a fully tunable laser in the visible for excitation
obtain the dispersion relation, which sle pronounced backbending around the binding energies of th
and B exciton, alluding to strong ligimatter coupling between excitons and polaritons. This is further
ddzLIL2 NI SR 60& Y2RStfAy3 GKS RAALISNEAZY 2F | ¢
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In the established procedure for determining the crystallographic orientation, the Sedandonic
Generation (SHG) is recorded while the polarization of the incident laser field, together with that of tt
generated SHG, is rotated with respect to the fixed monolayer orientation [1,2]. In our work, we shov
the crystal orientation can be probed by recording a single SHG image generated by a tightly focuse
beam. For a focused Gaussian laser be& ctystal orientation can be inferred from the ellipticity of th
detected SHG image. Moreover, in the case of an azimuthally polarized laser beam, the SHG image
reflects the hexagonal structure of thedarystal lattice together with its orieation in one single
measurement, as shown in the figure below. This could be useful for diverse techniques of nanofabr
that need an accurate and fast method to determine the relative angles between the layers.
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BerezinskiKosterlitzThouless (BKT) transition is an unconventional phase transition in-ditagnsional
(2D) system, which has been extensively studied for trapped atomic Bose gases, superconductors, i
quasi2D magnetd:?In the latter case, the experimental studies have been complicated by the preser
interlayer or substrate interactions, which impede realization of an ideal 2D system, masking the hal
of BKT transitiod:* With the recent experimental advances in exploring 2D van der Weaigets, a
finite-size BKT transition was observed in gdeestanding ferromagnetic monolayer Gy;@haking it
nearly idealD-XY ferromagnetic systefrin addition to ferromagnets, materials with antiferromagnetic
coupling are equal candidates for probing XY magnetism, however experimental manifestation of Bk
transition in monolayer antiferromagnets still remains elusive due to difficulties in proldmgially thin
samples with no net magnetization. In addition to faster dynamics compared to ferromagnetic
counterparts, easylane antiferromagnets enable a richer variety of topological excitations in BKT ph
such as antif’omagnetic skyrmions and merofis.

Here, we present a systematic investigation of magrtedmsport in 2D layered van der Waalst{jye
antiferromagnet. We observe spffop transition and anisotropic magnetoresistance down to bilayer
thickness, which is a clear indication of lenagge magetic order with weak ifplane easyaxis magnetic
anisotropy. We find that monolayer samples undergo a phase transition from the paramagnetic phas
show no signs of magnetoresistance opiane magnetidield-driven phase transitions unlike thicker
counterparts. We interpret such behavior as the absence of the-tamge magnetic order, which points
towards the BKT transition in monolayer 2D XY antiferromagnet.
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Understanding the impact of structural features, such as twist angles, on the thermal boundary
conductance (TBC) of supported singled fewlayer graphene (Gr), is crucial for optimizing the
performance of devices comprising these materials. Tidmmainthermoreflectance (TDTR) has emerge
as a powerful technique to investigate the interfacial thermal properties ofdimeensional materials. In
this work, we employed TDTR to study the TBC of siagtéfewlayer graphene grown by chemical vapc
depositin with different stacking arrangements, i.e., Bernal stacked and randomly oriented graphen
respectively. We found that the weak van der Waals interactions do not damper the thermal transpo
between the TDTR transducer (Al) and the substrate (SiO2/88all, the presence of a singbyer
graphene can enhance the TBC irGAISIO2Si devices as compared to pristineSKD2Si. For Bernal
stacked fewlayer graphene, our results suggest an increase in TBC as a function of the number of la
indicatingballistic heat transport across the layers. On the other hand, when introducing a large twist
angle between the adjacent graphene layers, the TBC decreases as a result of increased phonon sc
at the interface between each layer, indicating thafulive heat conduction dominates in randomly
oriented graphene. These findings pave the way for engineering heat transport in grabasee devices.
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Graphene plasmons, hybrids of Dirac quasiparticles and photons, exhididewstrong electromagnetic
confinement and electrical tunability. Graphene plasmons provide excellent opportunities for explorit
light-matter interactions at the nanoscale, whits promising for applications in integrated photonics an
biosensing. By introducing the concept of topology, unidirectional propagation of graphene plasmon:
protected against disorder and backscattering can be realized. However, the requirements déxomp
artificial geometries and configurations obstruct the experimental realizations of topological graphen:
plasmons. On the other hand, by stacking and twisting different layers of Van der Waals materials, t
dimensional (2D) moiré superlattices are egieg as an important avenue for engineering guantum
materials with novel properties.

In this work, plasmon properties of smalhgle twisted monolayebilayer graphene (tMBG) is investigate
whose moiré superlattices consist of triangular domains with the Bernal (ABA) and the rhombohedrz
(ABC) stacking. The ABA and ABC graphene hameifélectronic bandstructures where the ABA
graphene is a seametal with a tunable band overlap, while the ABC one is a semiconductor witha g
tunable band gap and a flat band. Here we demonstrate theoretically that tMBG moiré superlattice
provides anatural platform for GPC, where complete plasmonic bandgap occurs. Furthermore, the el
of nontrivial chiral valley topology of the GPC are emphasized. Finally, robust transport of graphene
plasmon waves with suppressed integlley scattering is shawat the interfaces separating two GPCs w
opposite valley Chern numbers. Our study motivates further explorations of novel photonic phenome
the rich platform of reconstructed moiré superlattices.
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Fig.1 Topological valley plasmons in twisted monolalgerble graphene moiré superlattices. (a) Moiré
superlattices of TMBG is consisted of triangular domains of the ABA and ABC stacking graphene. (k
Plasmonic bandgap occurs in the moiré superlatticeBNBG. (c) Backscatterhfigge propagation of
graphene plasmons for the valley topologically protected edge states.
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Tailoring of the propagation dynamics of exciasiaritons in twedimensional quantum materials has
shown extraordinary promise to enable nanoscale control of electromagnetic fields. Varying permitti
along crystal directions within layers of matérsgstems, can lead to anjptane anisotropic dispersion of
polaritons. Exploiting this physics as a control strategy for manipulating the directional propagation ¢
polaritons is desired and remains elusive. Here, we explore tp&ime anisotropi@xciton-polariton
propagation in a growV monochalcogenide semiconductor which forms ferroelectric domains and
exhibits roomtemperature excitonic behavior. Excitguolaritons with their propagation dynamics and
dispersion studied. This propagation oté&n-polaritons allows for nanoscale imaging of theplane
ferroelectric domains. Finally, we demonstrate the electric switching of the expitaritons in the
ferroelectric domains of this complex vdW system. The study suggests that systems ligd\grou
monochalcogenides could serve as excellent ferroic platforms for actively reconfigurable polaritonic
devices
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The recent discovery of magic angle twisted bilayer graphene (MATBG), in which two sheets of mor
graphene are precisely stacked to a specific angle, has opened up a plethora of new opportunities ir
field of topology, superconductivity, and othstrongly correlated effects. The most conventional way o
preparing twisted bilayer devices is by using a polycarbonate (PC) pick up method at 100°C. At
higher temperatures, around 180°C, PC melts, and is later dissolved in choloroform anddPaetibd
does not work well for samples which need to be flipped to be compatible with characterization
techniques like STM, ARPES, PFM, SThM etc. Here, we demonstrate a very simplebaalgctharethod
using Polyvinyl Chloride (PVC), which can be usedd&ing flipped twisted bilayer graphene devices. T
this end, the pickup temperatures were optimized by changing the thickness of the PVC layer. This ¢
us to produce flipped twisted samples, which were deposited without the use of any additionahsol
Eventually, to evaluate the quality our devices, we used Piezo Force Microscopy (PFM) to image mc
patterns. We believe that this dry flip technique can be extended for twisting 2D materials other than
graphene, especially aisensitive materialand would be effective in probing exotic states in twisted
materials.
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Novel spintronic devices exploit the motion of magnetic textures in thin films, promising denser pack
higher speeds, and lower power consumption than conventional electronics [1]. A key element in
advancing such devices is to understand the mechanggwsrning the motion of magnetic domain walls
(DW), such as the curreiriduced spigorbit torque (SOT). As the resulting DW motion depends critica
on the internal magnetic structure [2], microscopic sensing methods are necessary. While establishe
techniques like electrical transport measurements and optical methods only provide a macroscopic
picture, microscopic imaging methods such asayand electron scattering require complex
instrumentation. In contrast, scanning diamond magnetometry has betblkished as a suitable platforn
for nanoscale imaging of electric and magnetic properties of thin filn% ghd can be operated nen
invasively under ambient conditions with a compact tatalp setup. The method is based on sensing thi
local magnetic say field using a single nitrogewacancy (NV) defect in a diamond tip, allowing for the
reconstruction of microscopic features such as the chirality and width of DWs. However, NV magnet
is not a singleshot method [6], which has restricted its scaypestatic structures.

In this work we aim to surmount this limitation by enabling timesolved NV magnetometry of dynamic
DWs. At the initial stages of the project, we have laid the groundwork for implementing stroboscopic
pump-probe techniques, focusing on reproducible injeatand geometrical confinement of DWs in
ferromagnetic Co/Pt and ferrimagnetic GdCo/Pt multilayers. Both systems exhibit perpendicular mag
anisotropy and strong interfacial Dzyaloshindkariya interaction, stabilizing chiral DWs that can be
manipubted through curreninduced SOT. Subsequently, we will proceed towards pprape
measurements by driving the DWs with current pulses and synchronizing the stray field readout with
DW motion. By enabling timeesolved scanning NV magnetometry of dyn@mWs, our sensing method
can be employed to improve our microscopic understanding of the cuinehiced DW motion, aiding the
development of novel spintronics devices.
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We introduce ultrafast nanoscopy based on scattetiyyge scanning nedfield optical microscopy {s
SNOM) for the infrared and THz spectral ranges, and at temperatures below 10K.
Scatteringtype scanning nedlield optical microscopy {SNOM) [1] uses a metallized scanning probe tij
focus light of terahertz, infrared, or visible spectral range down to the nanoscale2@-afh), beating the
diffraction-limited spatial resolutiorby several orders of magnitude (Figs. 1a, 1b). Interferometric
detection of the tipscattered light allows for amplitudend phaseresolved imaging and spectroscopy o
the sample dielectric function as well as electric fields such as caused by surfai®psl Recent
advances extend the capabilities e88I0OM towards being a versatile platform for 2D material
characterization by combining electrical, thermal and optical measurements in the same c¢lexide
also allowing for more active control of tlsample properties via external electrical signals, full
environmental enclosure and temperature control from 375 K down to 10 K.
Here, we introduce ultrafast and ultracold nanoscdged on infrared and terahertzSNOM that allows
for optical pump and optical probe measurements with femtosecond temporal and nanometer spatia
resolution. Ultrafast nanoscopy enables study of dynamic processes in nanomaterials such as InAs
nanowires 2] or 2D heterostructures [3]. More specifically we demonstiaump-probe spectroscopy o
carrier excitation in InAs at 8K temperature, using ultrafast RBMtR transient spectroscopy and imagin
as well asi) optical pumpg THz probe nanoscopy ond82 crystals at roostemperature.
o Fig. 1. Ultrafast
T oms nanoscopy: Left:
i lllustration of
ultrafast
nanoscopy setup
Right: Ultrafast
nanoFTIR time
trace and white
light image series
for differnet pump
probe time delays.
=me  Taken —on  InAs
substrate. 780 nm
pump wavelength.

[
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OpticaHiber-based micreresonators (micrecavities) offer a variety of applications in research and
technology [1]. Within the sphaff company Qlibri GmbH, we work on transforming this cuticlge
technology to a standalone lab device in ambient arnypbgenic conditions. Using an open scanrgagity
approach, a broad range of experimental needs can be addressed. Here, we highlight the possibiliti¢
cavity enhanced absorption microscopy with detection sensitivities that surpass any current commer
solutions. Certain use cases are presented here which include manipulation of the decay characteris
two-dimensional van der Waals heterostructures (MoS$¢3e2) [2]. Furthermore, twdimensional
scanning capabilities are highlighted, which enabkgigpcorrelation of polariton properties with intrinsic
and extrinsic effects [3]. Finally, the sensitivity of the scanning raiawity is illustrated through
measurements of extinction spectra of atomistic defects in monolayer MoS2 [4].
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The high thermal conduction anisotropy of layered quantum materials makes them a strong candida
the development of integrated devices with improved thermal management [1]. Some of these matel
such as graphene and hBN present excelleqpiéme tiermal conductivities, that ensures a good
dissipation of heat through #plane diffusion, combined with otdf-plane thermal conductivities up to
several orders of magnitude smaller, offering the possibility ofajyilane thermal insulation [2].

While inplane heat transport can be observed efficiently by established methods, such as Raman
thermometry, and a new technique developed in our group, based on spatiotemporal-puwbp
microscopy [3, 4], new experimental methods need to be developedder to properly assess the cof-
plane transport of heat in layered quantum materials and van der Waals stacks. We present our wor
towards the development of such a new technique, which is based onrgsmved Raman spectroscopy
(TRRS) [5]. This teuhjue can be used to either probe the phonon dynamics of one specific layer [6, 7
track the outof-plane transport of heat with a layer by layer precision by monitoring the changes in tr
Raman modes features as the heat flows through the sample.
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Recent advancements in the study of van der Waals (Moidled layered materials have opened new
avenues for understanding fundamental physics and exploring potential applications in quantum
technologies [1][2][3]. Particularly intriguing are correlatecagtum phenomena observed in one
dimensional (1D) systems exhibiting competing electronic and magnetic orders, notoriously challeng
realize experimentally [4]. Among these materials, semiconducting CrSBr has great potential due to
remarkable stabity in ambient conditions and captivating magnetic properties [5], featuring robust
interactions between magnons and excitons [6]. CrSBr is a layered magnetic semiconductor, exhibit
1D behaviour due to its lattice structure within magnetically aegkenvironments [7].

In this work we investigate optical properties of CrSBr, with focus on excitonic behaviour and the-exc
phonon interaction. Utilizing techniques such as atomic force microscopy and optical spectroscopy, '
meticulously characterize exfoliated CrSBr skmpf different thickness from monolayer to bulk. We
capture the influence of anisotropic lattice structure of the material on the optical processes and
quasiparticle interactions through polarizatisasolved photoluminescence and Raman spectroscopy. '
investigate in ambient conditions the impact of the number of layers on the optical and material prop
and the impact of encapsulation with hexagonal boron nitride.

Our comprehensive study sheds light on the intricate interplay between excitons and phonons in bot
encapsulated and neancapsulated CrSBr samples in the context of smt\Wded layered magnets for
nextgeneration spintronics, magnetelectric devices, anquantum technologies.
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Nitrogenvacancy centreare defects in a diamond lattice that are capable of sensing magnetic and el
fields at the nanometer scale and with great sensitiViitgtn room temperature all the way down to milli
Kelvin. When they are located at the very apex of a diamond jitlay can be used to perform scanning
probe microscopy and become excellent probes to perform surface characterization.

I will present use cases and measurements taken using scaNkimgagnetometry. Thesaclude FMR
resonances, Skyrmions, stray field m#josn weak antiferromagnets, large area BFO scans and much
more.
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Hyperbolic phonon polaritons are currently actively explored for their ability to strongly confine and g
IR and THz light on the nanoscale. The optical anisotropy of 2D materials and the ability to stack an
different materials opens opportunitgeto engineer material resonances and realize highly directional
polariton propagation. Here, we explore polariton waveguiding in the THz adR tlarough neafield
imaging with a neaSNOM attached to a widely tunable narrowbanddleeron laser. Wemage
hyperbolic polaritons in thin flakes of the van der Waals material HfiSae 35 THz spectral range, with
confinement factors up to 80 below the frespace wavelength. We demonstrate how the dispersion of
these THz polaritons is modulated by strong coupling with an intrinsic epssiarzeromode (ENZ) mode
that can be tmed by the substrate permittivity. Furthermore, we engineeplane hyperbolic polaritons
2F GKS @Iy RSNbDGUythé cdupliid viitls poliritohs infthe highnisdi N2 LIA O -Y
GaG:d . & (6AalAyac:diKAYy2 H6®:EubdtraddTve achieve highbiirectional and
strongly asymmetric polariton propagation that can be tuned by the twist angle and excitation freque
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To integrate photonic technologies on chips, it's crucial to shrink light into dimensions smaller than it
wavelength. One method is coupling light to material excitations, forming polariton states. In our stuc
highlight how lowloss midinfrared surfice phonon polaritons enable metasurfaces that support guasi
bound states in the continuum (gBICs) with extremely small unit cells. Using 100 nm thistafidang
silicon carbide membranes, we achieve highly confined gBIC states with a unit cell vdlOfrienes
smaller than the diffraction limit. This grants our platform remarkable robustness against incident an
unique feature among gBIC systems. Furthermore, we demonstrate vibrational strong coupling with
layer of spircoated molecules, takg advantage of the small mode volume. This research introduces
phononic gBICs as an innovative nanophotonic platform, promising the miniaturization -arfifnaiced
devices for applications in molecular sensing and thermal radiation engineering.
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Scatteringtype scanning nedlield optical microscopy {SNOM) and nanoscale IR point spectroscopy
(nanoFTIR) allow for nanoscale optical mapping of manifold material properties. Both techniques ar:
based on elastic light scattering from an atomic fomtieroscope tip that is illuminated with
monochromatic or broadband laser illumination. Acting as an optical antenna, the tip converts the
illuminating field into a strongly concentrated nefield at the very tip apeXnterferometric recording of
the tip-scattered field as a function of sample position yields fedd amplitude and phase SNOM
images(employing monochromatic laser illuminatiomjhich encode information about the local dielectr
function of the samplewhile Fouriertransform spectroscopy of the tipcattered field (employing IR
broadband illumination) allows for nareTIR spectroscopy [1,2]. Intercalation of 2D layered
semiconductors with molecules can drastically change the electric, optical, and ticagoperties of the
host crysth Recently, we found that Ma®ulk crystals become superconducting when intercalated wit
Tetraethylammonium (TEA) molecules [3]. Surprisingly, the superconducting state is not fully reache
few-nm-thick samples. To get a deeper understanding of the molecule distribution in theriadave
performed IR and THzSNOM and nan&TIR spectroscopy to map the local carrier density of pristine i
intercalated Moga In the sSSNOM images of the intercalated Mo find a drop of the amplitude signals
with increasing frequency and a change of the phase contrast, resembling a-likeidesponse, while the
pristine MoS shows no changes with frequency. Furthermore, the amplitude and phase images of th:
intercalated Mogflakes are not homogeneous, indicating a spatial variation of the local conductivity,
the carrier concentration (Fig. 1). In addition, we use REMtR to confirm the Drudée response and to
measure the molecular vibrations, showing the preseaicé amount of the TEA molecules. By maugl
the nearfield spectra we can extract the local conductivity of the sample. Our work shows the potent
IR/THz nanoimaging as a noninvasive technique to map the carrier concentration together with mole
vibrations, thus allowing for correlatirte presence of molecules (strength of the molecular feature) w
the conductivity (Drudeike response) of the system.

Fig. 4: SNOM amplitude (left) and phase (right) im:
of the intercalated MaSlake recorded at 1000 cin

1) 40"
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Transition metal dichalcogenides (TMDCSs) heterostructures (HSs) offer a dynamic platform where
artificially stacked monolayers of different TMDCs materials may reveal intriguing quantum behavior
alignment or twist between these monolayers generatgsedodic moiré pattern, endowing the presenct
of the quasiparticle intralayer exciton, within the same material and an interlayer exciton characterize
charge carriers originating from different monolayers. Moiré superlattices indim®ensional (2DHSs
induce quantum phenomena by fundamentally altering the electronic hybridizations by controlling the
twist angle between atomically thin layers. This paradigm shift provides a unique avenue for precise
tailoring interactions between quantum particlasd their coupling to electromagnetic fields. Moreover,
beyond their discernible effects on singlarticle states, strong moiré superlattices manifest excited
states, such as the formation of moiré minibands of excitons [1]. In this study, we compredtgesiplore
the optoelectronic characteristics of twisted WBKES, van der Waals HSs and demonstrate the potenti:
of electric field manipulation for controlling the behavior of excitons. The insights obtained contribute
establishing a foundational understanding essential for realizing rbady states in moiré supettices,
such as exciton condensates, and bosonic insulating states via electric field manipulation.
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Two dimensional (2D) materials have garnered increasing attention due to their unique and extraord
electronic and optoelectronic capabilities. A novel class of atomically thin 2D materials includes the
transition metal dichalcogenides (TMDC) exhilgitiascinating properties, such as, superconductivity -n
linear optical phenomena and exciton dominated lighdtter interaction, an essential requirement for
quantum technologies. The utilization of van der Waals heterostructures composed of diffeent tw
dimensional materials offers a distinct advantage over conventiordlddmiconductors by mitigating the
strain originating from lattice mismatch between diverse materials. This capability presents opportun
for integrating intricate device functimlities that are unattainable with conventional materials. Howeve
TMDC based devices often suffer due to high resistance of méfalcontacts, resulting in issues, such ¢
significant quenching of photoluminescence (PL) emission through interlagigecbr energy transfer (IC
or IET) to the adjacent layer [1,2]. Hence, our work aims to study 2D systems to address the above i
In this investigation, we have carried out a comprehensive study of the optoelectronic characteristics
exhibited by MoS#NbSe semiconductorsuperconductor heterostructures (HSs) under the influence o
vertical electric field. Our findings unveil a notable resurgence in the PL intensity, concerning the Mao
excitons in the regions of the HSs with Nh®g more than 20 times and surpassing the levels observe
pristine monolayer MoSe This phenomenon can be attributed to the establishment of a paaébarrier,
specifically a Schottky barrier, between Me&ad NbSg which effectively regulates charge separation
dynamics and determines the transfer of charges between two constituent materials depending on ti
direction of the applied electric field. The study provides a clear distinction between ICT and IET, a
pertinent phenomenon observed in all TMDC/metal heterostructures. While our primary research foc
remains on the intralayer exciton dynamics of Mg$listinguished by its nepermanent dipolanoment,
we envision that investigating the investigation of dipolar exciton phenomena in bilayer TMDC with M
under electrostatic gating may shed light on the photoduced modifications in superconductivity.
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Investigating the polarization properties of light in the Anidrared (midIR) spectrum is crucial for
molecular sensing, biomedical diagnostics, and IR imaging system technologies. Traditional method
limited by bulky size and intricate fabrication,liz& large rotating optics for full Stokes polarization
detection, impeding miniaturization and accuracy. Van der Waals materials (vdW) based devices ca
address these challenges due to their lithograjiee fabrication, ease of integration with chizaé
platforms and roortemperature operation. This study introduces a chipegrated polarimeter device
leveraging the irplane biaxial hyperbolic vdW crystal properties for fimffared light manipulation. The
spatial division measurement scheme incorpesasix meticulously designed linear and circular
polarization filters, achieving high extinction ratios exceeding 30 dB and transmittance surpassing 5(
with fabrication tolerance of film thickness up to 100 nm. The proposed device represents a significa
advancement in polarimetric detection, providing a compact, -effective solution and opens new
avenues for orchip midIR polarimetric detection in nexgeneration ultracompact optical systems.
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Graphene, the prototypical 2D material, was originally produceshbghanical exfoliation, a time
consuming process. While mechanical exfoliation often remains the method of choice for high qualit
devices, graphene can also be synthesized on wafer scale and readymade devices are commerciall
available from several sourseWe investigate the current flow in an «iffe-shelf graphene field effect
transistor using scanning NV magnetometry, which can reconstruct the 2D current density from the
measured stray field with sub 50 nm resolution and high sensitivity. This ersmbissalization of non
uniform current flow caused by defects and grain boundaries in the graphene device, both of which «
limit device performance.
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Negativelycharged boron vacancy centers &) in hexagonal Boron Nitride (hBN) are attracting increa:
interest since they represent opticalddressable qubits in a van der Waals material. In particular, the
spin defects have shown promise as sensors for temperature, pressure, and statidimfiglus.
However, their short spin coherence time limits their scope for quantum technology. Here, we apply
dynamical decoupling techniques to suppress magnetic noise and extend the spin coherence tivae b
orders of magnitude, approaching the fundamental T1 relaxation limit. Based on this improvement, v
demonstrate advanced spin control and a set of quantum sensing protocols to detect radiofrequency
signals with sulHz resolution. The corresponding seivitly is benchmarked against that of statd-the-

art Ndiamond quantum sensors. This work lays the foundation for nanoscale sensing using spin de
in an exfoliable material and opens a promising path to quantum sensors and quantum networks
integrated into ultrathin structures.
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Monolayer (1L) transition metal dichalcogenides (TMDs), such as tungsten diseleriti€¢)Lhave
gained significant attention in recent years due to their direct bandgap and reduced dielectric screen
that result in strongphotoluminescence and high exciton binding energy. These features maKd&
promising candidates for nexgeneration optoelectronic devices, photodetectors, and quantum emitter
Tailoring the absorption and emission characteristics of TMDs requireadh@ulation of excitonic
transitions by some external means such as temperature, surrounding medium, or by coupling them
resonant nanoparticles. In this study, we use gold nanoparticle arrays to enhance thfietebfight
matter interaction of 1lWSe,; and experimentally demonstrate the detection of the demodulated near
field photoluminescence signal and the manipulation of the optical properties-#¥3& [1]. We observe
reduced exciton lifetime and increased PL intensity, which can be explained by the Purcell effect [2].
the first time, the demodulated photoluminescence ndild mapping with unprecedent resolution is
demonstrated. This research piides insights into the exciteplasmon coupling phenomenon, critical fo

developing advanced naphotonic devices.
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Figure 1: a) Scheme of nefgeld photoluminescence detection; b) Faeld PL intensity and lifetime map,
rectangle covers the area presented in Fig.1c; ¢) Demodulated PL map.

Reference
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[2] Zhao, Wet al. Adv. Mat., 2016, 28(14), 2762715
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Photoconductive antennas are optoelectronic photomixers which can be used for the generation anc
detection of continuousvave THz radiation. They are usually made from Ill/V semiconductors grown
such a way that the carrier lifetime is ultrashort and theckground conductivity as low as possible. Her
we employ standard CVD graphene in the gap of a metallic antenna structure and show that such a
can be used as photoconductive antenna for the coherent detection of THz radiation. For the nonline
mixing process, the device exploits the ultrafast conductivity modulation which graphene exhibits du
periodic carrier heating and cooling, when subjected to the intensity beat note of thebhar optical
radiation, of which a part was used to genexdalhe THz radiation in an emitter device. While for biased
THz emitters the dark current of the detector would pose a serious detriment for performance, we st
that this is not the case for bidsee THz detection and demonstrate detection up to frequenaf at least
700 GHz at room temperature, even without optimized tuning of the doping.
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Transition metal dichalcogenide semiconductors represent essential building blocks of van der Waal
heterostructures. Vertical stacks of multiple monolayers give rise to physimaérties that depend
sensitively on the choice of materials, the rotation angle between the individual layers, and the emer
band structure. Here, we present reconstruction phenomena in M&%8e heterobilayers with small
lattice mismatch and marginangle deviations away from parallel (rhombohedrdlyBe, or 0° twist) and
antiparallel (hexagonal-fype, or 60° twist) alignment. Due to finite elasticity of lattice bonds, we find
mesoscopic recatruction of canonical moiré patterns into domains dferent dimensionality.
Secondary electron imaging in scanning electron microscopy was optimized to visualize the resultin
morphology of domain landscapes, and optical spectroscopy was used to assign exciton characteris
2D, 1D and OD domains.

MoSe i MoSe;

S

Related publications

[1] S. Zhao et alNat. nanotechno| 18572579 (2023).
[2] A. Rupp et al2D Mater, 10,045028 (2023).

[3] Z. Li et aliNano Lett, 23.10 416@;4166 (2023).
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P70. Excitation of iAplane hyperbolic polaritons in fdreld via
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In-plane Hyperbolic Phonon polaritons (HPh&® quasiparticles formed via coupling of photons and
optical phonons in iplane hyperbolic materials and offer unique applications in sensing, thermal emi
and high resolution imaging. However, the large momentum mismatch between photons andrthese
plane HPhPs has restricted their technological potential as most experimental demonstrations rely o
sophisticated and expensive neirhA ST R RSGSOGA 2y a0KSYSad -MgOs ek
demonstrate that by constructing photonic hypeystals of this material, one can not only excite these i
plane HPhPs in the far field but also tune the far field response via twisting the hypercrystal lattice w
NBaLISOG G KOO finding©wsill pavE the way for the development of practicadlane
HPhP devices as well as provide access to new fundamental physics of such materials via conventic
well developed far field measurement techniques.
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P71. Functionalization of 2D materials for electronic atoelectronic
applications

Fahrettin Sarcah? Ayse Erdl Yue Wang
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In recent years, semiconducting tvaimensional transition metal dichalcogenides {EBIDs) have
become a group of highly demanded materialsrfext-generation optoelectronic devices such as
photodetectors and light emitters because of their unique optical, electronic, and structural propertie:
Despite many advantages of these semiconducting materials, there are some drawbacks such as lo
carrierconcentration and mobility, which result in low electrical conductivity and poor diode
characteristics compared to the materials already widely used in electronic/optoelectronic technolog
such as Si and GaAs. Their high sensitivity against envirosteeternal effects which is thought of as a
weakness, can be turned to be an advantage to dope them and to tailor their properties by using po:
growth defect engineering methods. Focused ion beam (FIB) has shown great potential in material/s
modification and defect engineering in 2D materials more recently, to tailor their optical and electroni
properties. On the other hand, Udzone (UWOs) exposure is another powerful technique for a wide ran
of applications such as controllable doping, lalggdayer thinning, etc. A better understanding and conti
of defects are important to move forward in the field of defect engineering for potential electronic anc
optoelectronic applications of 2DMDs. In this study, we discussed fabrication details fotrobable
defect engineering and the effect of ion beam and-@\éxposure on the optical and electrical propertie
of 2D TMDs.
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Nitrogen vacancy (NV) centres in diamond are used to sense magnetic fields by means of optically ¢
magnetic resonance (ODMR). The quantum properties of NV centres are subject of research since ¢
and are found to be especially exploitable faramtum sensing. To use NV centres for nanometre scale
sensing of magnetic fields, NV centres in nanodiamonds have been attached to atomic force micros
(AFM) tips. Today, diamond AFM tips with a single NV centre, along complete microscope setups, a
commercially available and are used in academic and industrial applications. These microscope sett
operate at room temperature. As the NV centre is capable of sensing magnetic fields also at cryogel
temperatures, and studying magnetic fields at stermperatures is particularly important for novel
materials of quantum devices, amongst others, we have developed a cryogenic NV magnetometer.
magnetometer is commercially available, and a first demonstrator has been installed in a research
facility.Wepresent the key features and measurement results achieved with diamond tips and a fully
NBY2GS O2yiGNRftflofS YAONRAO2LIS LXFGF2NYd 28§
ODMR scans in a closeycle cryostat.

P73. Towards cavitymediated coupling of confined excitons in 2D
materials
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Excitons in monolayer transitiemetal dichalcogenides (TMD) exhibit large oscillator strengths and he
are weltsuited for strong lighimatter coupling. While for free excitons strong coupling to photonic cavi
has been demonstrated in numerous exipeents, nonlinearities in those systems are relatively weak. 7
recently demonstrated quantum confinement of excitons to length scales of about 20nm is a promisi
route towards enhancing nonlinearities [1].We want to realize confined excitons with tepect of
embedding them into a higfinesse microcavity and reach the strong coupling regime. To confine the
excitons in transverse direction and tune their energy, we develop a specific electric gate configurati
Our microcavity will be fibebased andunable at cryogenic temperatures. With this platform we aim fo
the realization of a quantum emitter in a cavity by harvesting the enhanced nonlinearity combined wi
cavity-enabled photon blockade.

Reference
[1] Thurejaet al., Nature 606, 29804 (2022)
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On our poster, we present the experimental and theoretical study on the hybridization among intrala
and interlayer moiré excitons in a MoB& S, heterostructure with antiparallel alignment. Using a dual
gate device and cryogenic white light reflectance and nafbanwd laser modulation spectroscopy, we
subject the moiré excitons in the Mo®&/S; heterostack to a perpendicular electric field, monitor the
field-induced dispersion and hybridization of intralayer and interlayer moiré exciton states, aneiaduc
crossover from type | to type |l band alignment.

Moreover, we employ perpendicular magnetic fields to map out the dependence of the correspondin
exciton Landé-factors on the electric field. Finally, we develop an effective theoretical model combin
resonant and nofresonant contributions to moiré potentials to explain the observed phenomenology
highlight the relevance of interlayer coupling for structuvath close energetic band alignment as in
MoSe/WS,. [1]
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P75. Nearfield characterization of deep sulavelength confinement in
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3 NanoPhoton Center for Nanophotonics, Lyngby, Denmark
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Enhancing lightnatter interaction has important applications in integrated photonics and quantum
technology. Since lighthatter interaction strength scales inversely with the mode volume, spatial
confinement of light is of significant interest. Silicoaldctric nanocavities have been demonstrated to
exhibit subwavelength confinement of light without being limited by absorption losses [1]. For integre
with active materials, a direct bandgap semiconductor like indium phosphite is favorable.

We report subwavelength modeconfinement in an indium phosphide nanocavity [2]. The devices are
designed exploiting topology optimization [3] and fabricated with electveam lithography and
inductively coupled plasma etching. The experimental demornistnaif subwavelength confinement is
carried out by scatteringype scanning neafield optical microscopy with a pseudwterodyne detection
scheme. Demodulation at higher harmonic orders of the tip tapping frequency enables retrieval of th
scattered eletric field with a nanoscale spatial resolution. Importantly, we show that the electric field
strongly confined with a mode volume o& @ _fce

References
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[2] M. Xiong et al. Optical Materials Express 14(2), p. 397 (2024)120364/OME.513625

[3] R. E. Christiansen et al. Journal of the Optical Society of America B, 38(2), p. 510. DOI: 10.1364/josab.405

135


mailto:frsch@dtu.dk

P76. Ultrafast AlOptical Polarization Switching withRJC Resonance fc
Enhanced Second Harmo@eneration
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Second harmonic generation (SHG) is vital in various fields, such as integrated photonics, frequency
conversion, seffeferencing of frequency combs, nonlinear spectroscopy, and pulse characterization.
polarization state can encode information that messitates ultrafast polarization switching for integratec
photonics. However, existing electronic switching methods suffer from slow response times despite |
conversion efficiency, while adiptical nonlinear devices offer high speed but limited modoladepth.
State of the art methods yielded SHG signal strengths remaining in the femtowatt range. In this stud
propose an innovative solution involving-afitical polarization switching with nearly 100% modulation
depth, coupled with a novel approachilizing quasbound states in the continuum {BIC) resonance to
augment SHG output power. A degenerated pupnpbe setup with a nanostructure exhibitingg|C
resonance at the fundamental frequency to enhance SHG was used. Leveraffiog3Rwhich exbits
monolayerlike behavior in bulk but offers increased material interaction, the findings demonstrate a
modulation depth close to 100% and switching speeds limited only by the duration of the fundament
pulse.

Moreover, the SH signal strength reaches the picowatt range. Looking ahead, the tunability of the Bl
resonance enables variable SH signal generation, including the possibility of multiple resonances. T
approach, contingent upon D3h crystal symmetrysidarations, holds promise for higdpeed integrated
frequency converters, broadband autocorrelators for ultrashort pulse characterization, and as a
component in aloptical transistors.
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Edgefunctionalizing has been found to fiane the optoelectronic and magnetiproperties of graphene
nanoribbons (GNRs). In this work, we characterize perylene imide attached GNRENRB)Iin the visible
to NIR range via scatterirtgpe nearfield optical microscopy and discuss the possibilities of observing
plasmon resonances wiin the same.
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Moiré bilayers have emerged as established playgrounds for exploring various strongly correlated
electronic and topological phenomena, such as unconventional superconductivity and Chern insulat
phases. Characterizing the electrical properties of moistesys at the nanoscale can greatly enhance tl
understanding of their diverse electronic features. By leveraging the versatility of correlative and cry«
scanning probe microscopy (SPM), we demonstrate a comprehensive research process on layered
graphene structures, spanning from the identification of regions of interest with Kelvin probe force
microscopy (KPFM) to the revelation of their local electrical and electromechanical properties using
conductingtip atomic force microscopy (&FM) and piezoesponse force microscopy (PFM). We have
achieved a lateral resolution of <10 nm in these moiré bilayers, which is remarkable foeciyasiat
environment, and renders cryogenic SPM both suitable and-ugerdly for studying moiré systems.
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Semiconducting transition metal dichalcogenide (TMD) monolayers are known for their robust excito
emission properties. The scope of these materials has been expanded further via the fabrication of
heterostructures that combine different TMD monolayet$. [Vertical heterostructures can be fabricated
through mechanical exfoliation and stacking of layers. In addition to excitons within a layer, vertical
heterostructures, such as MoS®/Se, also host electrofinole complexes between the different layers,
such as interlayer excitons. Lateral heterostructures (LHs), where the different monolayers are bond:
covalently in the plane of the layers, are less trivial to fabricate. Here chemical vapor deposition (CV
proven to be a versatile technique that adls for the fabrication of LHs [2] and studying their excitonic
properties [3]. In LHs charge transfer (CT) excitons can exist with the hole irakid3be electron in
MoSe [4]. The binding energy of these CT excitons in M&%8e LHs is smaller than tHgnding energy
of the excitons in the individual materials. CT excitons have a laqgjane electric dipole moment making
them attractive candidates for excitemased optoelectronic devices. In our work, we investigate the
properties of the CT excitoms LHs and compare them with theoretical predictions. We perform
photoluminescence imaging, highsolution micrephotoluminescence, and Raman spectroscopy at roc
temperature and 4K on CMipown LHs. We investigate exciton complexes and transport at tifeeM
WSe interface.
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We perform Raman scanning microscopy on a Mia&e at 2K and in varying magnetic fieB), for both
parallel (VV) and perpendicular (VH) polarization configuration of polarizer and analyser. We observ
suppression of the= Raman signal of Me$ B=9T in the VH configuration. Raman maps were records
in differentBfor both VV and VH configurations, and the intensity ratio of Raman signalsd  was
inferred from them. The observed changes in suppressiea @fre in good agreement with previous
literature data [2]. However, in another set of published data [3] this change could have only been
detected at significantly highd3. Beside the influence @ on the oscillation modes of a crystal, one mus
also consider the impact of the magnedptical Faraday effect. For this purpose, we recorded in additic
series of Raman spectra of the Si substrate as the functi@aofl polarization. The Me&@nd Si peak
ratios show approximately the same dependenceBpmhich indicates the dominant cause for the
changes in the detected Raman signals being the Faraday effect. As the Faraday rotation angle is lii
with B, it is straightforward to compensate it, which can even be automated in the cryogenic Raman
microscope that we have developed.
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Van der Waals (vdW) materials, such as hexagonal boron nitride (hBN) and Transition Metal
Dichalcogenides (TMDCs), exhibit remarkable optical properties. These include tightly bound excitol
optically active spin defects, substantial optical anisotrojmyg khigh refractive indices, making them idea
for engineering novel nanophotonic applications. In our study, we exploit the concept oftopasi
states in the continuum (gBIC) to create sharp optical resonances within dielectric metasurfaces ma
entirely of hBN or TMDCs. This monolithic approach achieves optical resonances with quality factors
exceeding 100, towards increased lighatter interaction and cavity QED. Specifically, in hBN
metasurfaces, we achieved spectral tuning across the whole vigibtgram [1] and weaicoupling of
native spin defects [2]. Moreover, our approach shows great promise for achieving strorgéitiat
coupling regime, as demonstrated by the atribssing observed between gBIC resonances and intrinsi
excitons in TMDC masurfaces, leading to a Rabi splitting of 116 meV in ambient conditions [3]. Thes
findings underscore the potential of integrating qBIC metasurfaces with vdW materials to design
innovative nanophotonic platforms and room temperature polaritonic devices.
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We propose a new method to generate single photons in theinficired (MIR) using sokistate or
molecular quantum emitters in the visible. We show that cavity QED effects can be used to selective
enhance FrarikCondon transitions, thereby deterministibapreparing a single Fock state of a polar
phonon mode. An antenna coupled to this polar phonon mode can convert the phonon into a single
photon that propagates to the fafield with identical frequency. In this proposal, we combine macroscc
QED caldations with methods from open quantum system theory, and show that efficient generation
MIR photons can occur for modest lighatter coupling strengths, which are achievable with statehe-
art technologies. The cascaded system that we propose giege\a new quasieterministic source of
heralded single photons in a region of the electromagnetic spectrum difficult to reach withssaitid
quantum emitters.
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Atomically thin van der Waals materials allow the design of functional devices comprised of stacked
crystalline layers with individually vastly different material properties. This field of 4midmte materials
has been recently enhanced by the discovdrgtable 2D magnets such as CrSBr, enabling new
applications in the field of spintronics.

We use widefield nitrogen vacancy (NV) vector magnetometry to measure the magnetic stray field fr
hBN encapsulated 3L CrSBr flake in the temperature range frebb@%.

While we observe the expected Cuki¢eiss behavior with anF 132K in the magnitude of the
magnetization, we observe partial switching of the sample (no domains), pinned to a line defect in th
at approximately 20K belowTThis partial switch successively extends with T throughout the sample.
We reconstruct the -Hependent magnetization employing a deep learning approach based on a
convolutional neural network (CNN). Because CrSBr isp@lane layered AFM, this inversion problem is
mathematically ildefined and therefore relies on numericalutions constrained by physics defined
02dzy R NB O2yRAGAZ2Yy&ad {LISOATFTAOIffe&sY S AyO2NLJ
in the computation of the loss during the training phase of the network.

145



P84. Dopingcontrol of excitons and magnetism in fdayer CrSBr

Farsane Tabatab¥®akili?, Huy P. G. NguyépAnna Rupp, Kseniia Mosing Anastasios
Papavasileiot, Kenji Watanabé Takashi TaniquchiPatrick Maletinsk§, Mikhail M. GlazoV,

Zdenek Sofef, Anvar S. Baimuratoy and Alexander Hogele
1 Fakultat fur Physik, Munich Quantum Center, and Center for NanoScience (@diNgaximiliansUniversitat
Miinchen, Munich, Germany
2 Munich Center for Quantum Science and Technology (MCQ8i¢hNEermany
3 Department of Inorganic Chemistry, University of ChemistryTantnology Prague, Prague, Czech Republic
4 Research Center for Functional Materials, National Institute for Materials Science, Tsukuba, Japan
5 International Center for Materials Nanoarchitectoriitational Institute for Materials Science, Tsukuba, Japar
6 Department of Physics, University of Basel, Basel, Switzerland
7 loffe Institute, Saint Petersburg, Russian Federation
Contact Emailf.tabataba@Imu.de

In two-dimensional (2D) magnets, phenomena distinct from bulk magnetism have been revealed, su
sensitivity to charge doping and electric field in fiayer Crl3 [1]. Within the class of 2D magnets, air
stable CrSBr stands out as an antiferromagne&timisonductor with a high Néel temperature, excitons
coupled to the magnetic order [2], and excitamagnon coupling [3]. In this talk, | will present our work ¢
dopingcontrol of excitons and magnetism in fdayer CrSBr [4]. We demonstrate that both eaniand
magnetic transitions are sensitive to fieddfect charging, exhibiting bound excitaharge complexes and
dopinginduced metamagnetic transitions. We further visualize magnetic domain formation induced t
magnetic field or chargdoping at the metanagnetic transition albptically by rasteiscan reflectance
imaging. Our work identifies fedayer CrSBr as a rich platform for exploring collaborative effects of ch
optical excitations, and magnetism.
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Phonon polaritons (PhPsg)ight coupled to lattice vibrationg in the highly anisotropic polar van der
Waals material molybdenum trioxide-{oQOs) have recently been a subject of intense research due to
their extreme subwavelength field confineméntlirectional propagatiotr’ and unprecedented low
lossed“. However, most previous studies were focusedegploiting the squeezing and steering
capabilities of aMoO; PhPs for controlling light at the nanoscale, without inquiring much into the

dominant microscopic mechanism that determines their Hyperbolic Band

long lifetimes, key for their implementation in 3 ' ' ' '

nanophotonic applications. In this work we explore the %—*\\ o

fundamental mechanisms of PhP damping-aO; by Al ==

combiningab initiodensity functional perturbation theory & F oo \'\ ===
. . . . o 04 e

(DFPT) calculations with experimental scattetiyyge = %? % o—

scanning neafield optical microscopy {SNOM) and 1} ~0- ab ini 860 o x

conventional Fourietransform infrared (FTIR) e

spectroscopy measurements over a wide temperature ¥¢ Experimental 895 cm

range (& 300 K). The excellent agreement betweenthe 6 50 100 150 200 250 300

experiment and the theory in reproducing the polaritonic Temperature (K)

lifetime, achieved without involving any adjustable _

parameters, allows us to identify thirrder anharmonic  Figure 1. Temperature Dependence of the P
phononphonon scattering as the main damping L|fet|mes in a-MoQOgs. Theoretical (qlrcl_es) anc
mechanism of #100; PhPs. These results thus unveil  XPerimental (star symbols) PhPs lifetimes foj

.. " 104nmthick a-MoOs; flake as a function of
the fundamental limits of loWoss PhPs, critical for temperature for the hyperbolic RB (860 cm

Vali(:jating their implementation in'[O nanOpholliC 1 and'| 895 le)_ Gray Straight lines are
devices. guides to the eye.
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Optical microcavities represent an effective tool for controlling the photonic emission behavior ef ligh
sensitive materials by light recirculation. Spatidtigirect interlayer excitons (1Xs) can significantly alter
their emission energy through the gotum-confined Stark effect. However, their electrical tunability in
systems combined with cavities has not been utilized until now. In our study, we adjust the energy
detuning between the cavity resonance and the IX emission within a monolithic-Peboycavity using a
vertical electric field. We demonstrate a concurrent boost in both the emission intensity and the lifetil
weakly-coupled IXs when optimally coupled with the optical cavity, due to pronounced Purcell inhibiti
and cavity transparency fefcts. Additionally, we explore the adjustable momentum dispersion of coup
IXs using baefocal plane imaging and provide explanations based on the cavity interactions of IX
transition dipoles, supported by theoretical models. Our findings mark ais@mifstep in integrating
highly interactive 1Xs within monolithic cavities, showcasing the potential of electruatiyle IX cavity
coupling for both fundamental research in exciton condensate manipulation and the development of
excitonic devices.
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One of the mostaptivating features of coupled systems (which in quantum mechanics are described
non-Hermitian (Hamiltonians) is the presence of spectral brgmaint singularities, known as exceptiona
points (EPs), where the real parts and imaginary parts of thpledunodes (eigenvalues) coalesce whei
varying parameters such as coupling strength as well as loss and gain.

In this work, we theoretically and experimentally demonstrate that EPs can be observed irkkaovati
system comprised of a metamaterial and a photonic cavity by tuning the coupling strength. Our systt
offers an opportunity to study systematically largensitivity enhancement near the EP.

P88. Anisotropic Exciton Polariton Propagation in 2rSe
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The optical properties of TMCs are dominated by excitons due to their large binding energies, with s
light-matter coupling betweerxcitons and photons leading to the propagation of waveguided exciton
polariton (EP) modes in bulk flakes. When probed \8&©M, the interference between tipackscattered
light and inplane propagative modes scattered by the crystal edge causes thatiomof EP fringes in
nearfield amplitude images. These fringes are deeply sensitive to crystal axis, excitation wavelengtt
crystal thickness, with observations of this fringe tuneability allowing for detailed mode analysis and
derivation of the cry&l dielectric tensor in highesymmetry crystals. This poster reports on attempts to
apply this methodology to identify the properties of waveguided modes in lesyarmetry crystals such &
monoclinic ZrSg
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Negative reflection occurs when light is reflected toward the same side of the normal to the boundar
from which it is incident. This exotic optical phenomenon is not only yet to be visualized in real spact
also remains unexplored, both at the nanogcahd in natural media. Here [1], we directly visualize
nanoscaleconfined polaritons negatively reflecting on subwavelength mirrors fabricated in-tokswan
der Waals crystal. Our neéield nanoimaging results unveil an unconventional and broad tilityabf

both the polaritonic wavelength and direction of propagation upon negative reflection. On the basis ¢
these findings, we introduce a device in namytics: a hyperbolic nanoresonator, in which hyperbolic
polaritons with different momenta refledtack to a common point source, enhancing the intensity. The
results pave way to realize nanophotonics indmss natural media, providing an efficient route to contr
nanolight, a key for future oghip optical nanotechnologies.
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Figure5: Visualization of negative reflection of nanoscatnfined polaritons in a natural medium.
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Indistinguishable single photons in the telectmandwidth of optical fibers are indispensable for leng
distance quantum communication. Sekthte single photon emitters have achieved excellent performa
in key benchmarks, however, the demonstrationrafistinguishability at roontemperature remains a
major challenge. Here, we report roetemperature photon indistinguishability at telecom wavelengths
from individual nanotube defects in a fibbased microcavity operated in the regime of incoherent goot
cavity-coupling. The efficiency of the coupled system outperforms spectral or temporal filtering, and t
photon indistinguishability is increased by more than two orders of magnitude compared to thspfaee
limit. Our results highlight a promising stegjy to attain optimized nowlassical light sources.

151



PI1. Controlling magnetic domain evolution via strain in CrSBr

Andriani Vervelaki
University of Basel, Basel, Switzerland
Contact Emailandriani.vervelaki@unibas.ch

Two-dimensional (2D) magnets are an emerging area of research with potential fdetledopment of
magnetic materials and device applications ranging from magnetic storage to spintrb@cén contrast
to conventional magnets, the magnetic properties of these materials respond sensitively to external
stimuli, such as strain or doping. Engineering van der Waals (vdW) heterostructures from such 2D n
can yield complex magnetic grounchtts including skyrmion phases or other rawilinear magnetic
configurations [3]The 2D semiconductor CrSBr is atypge antiferromagnet with remaable stability
under ambient conditions and a Néel temperature gfI32 K in the bulk [4]. Recently, a controllable at
reversible strairfinduced antiferromagnetic (AFM) to ferromagnetic (FM) phase transition was reporte
CrSBr [5], suggesting the possibility of devices such as magnetoresistive switches that aeel dstuat
strain or magnetic tunnel junctions that do not require an external applied field. The observed effect
attributed to changes in the magnetic exchange pathways that result inrergmaent of the AFM
interlayer interaction under compressive strain or decrease and eventually change of the AFM coupl
FM under tensile strain [6]. However, direct evidence of the influence of strain on the magnetic beh:
and the effects of inhmogeneous strain in the material are not captured by the measurement techniq
that have been used so fdn this talk, | will present nanometecale magnetic imaging experiments,
using our recently developed scanning SQuMBever probe [7], that shetight on how strain affects the
local magnetic behavior of the flake. We measure exfoliated flakes of CrSBr, in which strain has bee
induced along the-@axis by bending. As a result, spatially dependent compressive and tensile strain ¢
varying strengthss produced on the same flake [8]. | will present how this inhomogeneous strain affe
the magnetic hysteresis and the magnetic switching of the material when we apply an external magr
field along the easy axis-fxis). By performing micromagnetiosilations, we are able to reproduce the
magnetic evolution and gain further insight into the underlying magnetization configurations.
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Nanophotonic structures enable a range of applications including optical waveguiding, Purcell
enhancement of light emission and letweshold lasing. Many research fields and technologies have
benefited from nanescale resonators and waveguides realisedhblygle metals or dielectrics such as
silicon, and IV materials. While these offer a large range of opportunities for both research and
technology, van der Waals (vdW) materials may expand the possibilities of nanophotonics in the visi
and nearinfrared due to high refractive indices (n>4), low absorption in visible wavelength range, anc
compatibility with a wide range of substrates due to their weak vdW attraction.

Here, we will present how to fabricate nanoantennas and metasurfaces in vdW materials in a variety
geometries and a range of photonic applications. We observed Mie resonances as well as strong co
between the excitonic features and anapole modethimvdW nanoantenna. Due to the weak vdW
interactions of the nanoresonators and the substrate, we were able to use an atomic force microscoj
cantilever in the repositioning of doubfgllar nanoantennas to achieve ultsamall gaps of 10 nm [1]. By
employing a monolayer of WS2 as the gain material, we observe {teomperature Purcell enhancement
of emission as well as Ietgmperature formation of single photon emitters with enhanced quantum
efficiencies [2,3]. More recently, we have also achieved bounésia the continuum ultrdow threshold
lasing with these materials [4], highlighting the vdW materials as a promising platform for optoelectrc
devices.
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Quantum photonic technologies rely on strong optical nonlinearities, such as those provided by Rydl|
atoms. The soligtate analog to this are Rydberg excitons. Rydberg excitons in cuprous oxides with
principal quantum numbers of up to n=25 show stromgical non linearities, whose signatures could be
detected by pumgprobe spectroscopy [1]. In TMDC monolayers, which exhibit particularly strongly bc
excitons, an increased nonlinearity could already be established for exmilanitons with n=2 [2].

Here, we report on the pumprobe spectroscopy of Rydberg states of excitons in TMDC monolayers
liquid helium temperatures. We use spectrally broad femtosecond probe pulses and a spectrometer
measure the transient differential reflectivity spectraneldegenerate pumypulses are suppressed in a
crosspolarized configuration such that the same Rydberg state is excited and probed. The doping of
monolayers is defined by electrical gating and kept neutral for the measurements.
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Infrared neaffield spectroscopy provides

unique capabilities for exploration of the 65 5o e enohieml 35
nanoworld as it combines thaformation
density of optical techniques with the spatial
resolution of atomic force microscopy of
~10nm. Due to technical challenges, infrarec
nearfield microscopy is often limited to the
mid-infrared range, with little access to 500 55 500
lower photon energiesAlso, it is usually not (6.0) (7.5) (0.0

wavenumber [cm™1]

possible to apply magnetic fields in situ. (v [THz])
Fig.1. Synchrotron infrared nanospectrosco

enables broadband polariton interferometry

At the National Synchrotron Light Source Il 1,4 hyperbolic phonon polaritons of GeS in t
(NSLSI), we recently commissioned a hew singledigit THz rangg2] .

synchrotronbased infrared

nanospectroscopy setup (NeaSnom by

NeaSpec/Attocube). It is now available for 3355
general user proposals and enables graphene
ultrabroadband infrared nargpectroscopy

in the singledigit THz spectral range, with a
total spectral coverage from 5 to 150 THz (22
- 750 meV, 175 crhg 6000 cm?) [1,2]. Figl
showcases the THz hybelic phonon Fig.2.Magneto neaffield microscopy explores

distance [um]

LR2tFNRG2Y A 2F DS{ I I yheS maghdtlficll 2dEperitlénS Gpfcdl dzLIQ a

capabilities for nangsectroscopy of 2D and  properties of graphene [4]
van der Waals materials. As a second
technical breakthrough, we developed a ndimld microscopy setup that operates at cryogenic

temperatures and magnetic fields up tor{3,4]. Fig2 illustrates how a magnetic field dramatically alter
the optical properties of graphene due inteandauevel transition. Work funded by U.S. Department of

Energy under contracts EE©C0012704 and EE£C0019443.
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Vertically stacked heterostructures of transition metal dichalcogenides (TMDCs) are a versatile platfi
study electronic mampody phenomena. In these systems, the commonly encounteredliyipend
alignment and the presence of strong Coulomb intei@tsiresult in the formation of tightipound
interlayer excitons (IXs). In view of their dipolar nature and rich interaction physics TMDC heterostru
offer an excellent platform for manipulation and engineering of optically active states. Whilederbfdr
its monolayer constituents, the symmetry arguments in TMDC heterobilayers allow for the unique
transition between spin dark and bright exciton states. This motivates the investigation of transitions
between different excitonic species in heterosttures and even consider potential conversion pathway
from inter- to intralayer excitons.Here, we address this topic by studying spectrally narrow IXs in the
free limit of atomically reconstructed domains in hBhNcapsulated MoS&NSe heterobilayes, with welt
defined dipolar selection rules and in absence of localization. We demonstrate the conversion of IX ¢
triplet to spinsinglet states on ultrafast timescales of a few picoseconds by applying short THz pulse
optical excitation. Monitang the timeresolved photoluminescence dynamics, a strong quenching of tl
triplet population induced by the THz radiation is observed, accompanied by a simultaneous increas
the singlet state emission. This allows us to study the subsequent formdtimamics of the triplet states
in a controlled setting. Interestingly, upon THz arrival we also observe the reemergence of intralayer
exciton signatures of Mogeven several 100s of picoseconds after their initial decay. These results a
intriguing from the perspective of maryody states coupled to lovirequency radiation and offer
interesting possibilities towards ultrafast external control of spin stategainder Waals heterostructures.
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Monolayer semiconductors are emerging platforms for strong nonlinear-figtter interaction, due to
their giant oscillator strength of tightly bound excitons formed by electnote pairs at the fundamenta
band edge. In monolayer Wgenconventional higlenergy excitons (HX) appear at around twice the ene
of bandedge Aexcitons.[1] The two species are tightly coupled through interaction with ultrafast |
pulses, effectively forming the analogue of a quantaptical laddertype three-level state gstem. Excitonic
quantum interference emerges with coherence times beyond 806 seconeharmonic generation (SHC
in monolayers [2,3]. The phenomenon is also observed in bilayers, where the interlayer twist angle
used to tune the energies of thexitonic states. The HX can be tuned over 2&5/,with a twistangle
susceptibility of 8.ImeV/°, an order of magnitude larger than that of theeXciton[4,5].

Here, we study the vallegelective effect of magnetic fields normal to the TMDC plane on thelhig
excitonic species. In particular, we report on effectiviagfors experienced by higlging HX as determine:
from the shift of quantum interference calitions in seconéharmonic generation with magnetic field.
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The interaction between electrons and lattice vibratiomhonons- is ubiquitous in solids. Yet few
techniques are able to quantitatively image electqoimonon coupling. Here we have built the first
cryogenic quantum twisting microscope (cr§d M). We us its momentumresolved capabilities
combined with inelastic tunnelling spectroscopy to image the phonon dispersion of graphite and twis
bilayer graphene (TBG). Furthermore, we demonstrate that it is a quantitative technique that allows
measure he strength of the electroqphonon coupling for each phonon mode in the twisted bilayer
systems. Surprisingly, by continuously scanning the faigie, we observe a diverging coupling for the
low-energy acoustic modes as the twasgle decreases toward 60ur theory analysis allows us to
disentangle the contributions from intralayer (singdser graphene) and interlayer (twisted bilayer)
phonons, revealing the importance of the Phason mode in modifying the interlayer coupling in TBG.
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The giant exciton binding energy and the richness of degrees of freedom make monolayer transition
dichalcogenide an unprecedented playground for exploring exciton physics in 2D systems. Thanks t
well-energetically separated excitonic states, flesponse of the discrete excitonic states to the electric
field could be precisely examined. Here we utilize the photocurrent spectroscopy to probe excitonic :
under a static irplane electric field. Combined with numerical simulation, we demonsttzéthe in
plane electric field leads to a significant orbital hybridization of Rydberg excitonic states with differen
angular momentum (especially orbital hybridization of 2s and 2p) and, consequently, optically active
state exciton. [1] Besided)¢ electricfield controlled mixing of the high lying exciton state and continut
band enhances the oscillator strength of the discrete excited exciton states. This electric field modul
of the excitonic states in monolayer TMDs provides a paradigimeahanipulation of 2D excitons for
potential applications of the electroptical modulation in 2D semiconductors.
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Two-dimensional (2D) materials can beassembled into designer structures laymrFatomiclayer in a
precisely chosen sequence using van der Waals (vdW) technology. Applying this method, we have
demonstrated the creation of twaimensional capillaries lgssembling 2D crystals. It can be viewed as
individual atomic planes were pulled out of a bulk layered crystal leaving an atomically thin void behi
This technology offers the smallest possible spatial confinement that can vary from just a fevoarsgstr
height up to tens of nanometres, on demand. On this basis, we investigated the process of capillary
condensation inside such capillaries by monitoring their elastic deformation using atomic force micrc
while changing relative humidity. We foutigat the classical description of capillary condensatidhe
Kelvin equation could still qualitatively explain our experimental results at the atomic scale. Such
nanocapillaries represent an ideal platform to study the nanoconfinement effects arehligtter
interaction at the nanoscale.
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We explore strairactivated emission centers formed by atomic foroeroscopy (AFM)

indentation in monolayer WSe2 on a flexible polymer substrate. In the indented areas, we

observe sharp new photoluminescence (PL) peaks characterized by sublinear power
RSLISYRSYOS Ay (KS &aLISOGNIf NBIA2YE MOCH b MO
GKSNXYIE FyySFEtAYy3 O6f MHDN /0T 2{SH SELISNASYO
0fdzS aKATO 2F GKS LISF{1aQ aLISOGNIt LRairildAazy |
LISF1aQ LRairAdAzy @ad adaNI Ay Fftft2¢6a RNIgAy3d Ydz
emission centers. We elucidate the roles of excitonic confinement and hybridization

between free excitons and defectlated states, a process activated by the level of strain.

Overall, our approach suggests that the energy of localized emitters may be controlled via

strain engineering.
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In contrast to the widely studied graphene and transition metal dichalcogenide (TMDC) family of 2D
semiconductors, the groufll monochalcogenides (MCs)0 @ 0 N{In,Ga} and X{S,Se, Te}) amuch
less investigatedlIFMCs are layered semiconductdraving thicknesslependent chemical, electronic,
optical and vibrionic properties, such as a bandgap that can be tuned over theviglkeato the infrared
spectral range as well as from indirect to direct as the thickness increases from a single tétranew
layers. Herewe present outJHV cluster toadthat can be used tgynthesize novel 2D materiasd their
heterostructures. It consists of a molecular beapitaxy (MBE) chamber for the growth of ultrapure 2D
group-llI-MCs/nitrides, TMDCs and groiiy chalcogenides, connected via an UHV transfer channel to .
analytical chamber capable of-gitu optical confocal spectroscopy (photoluminescence and Raman) a
lattice temperatures of 300K to ~6K. As proof of principle, we show the optimization of the growth of
GasSe by carefulisitu feedback of the crystalline phase and structural quality via refle¢tighenergy
electron diffraction and Raman spectroscopinally, we show a complementary tool that will help
evaluate the performance and reliability of the MBEBwn 2D materials by studying the main trap
characteristics through electrical and optical ddepel transient spectroscopy.
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Layered transition metal dichalcogenides represent elementary building blocks of van der Waals
semiconductoheterostructures. Vertical stacks of monolayers give rise to physical properties that de
sensitively on the choice of materials, the rotation angle between the individual layers, and the emer
band structure. Here, we discuss exciton phenomenaénpiiesence of atomic lattice reconstruction in
MoSe-WSe heterobilayer systems obtained by exfoliation stacking [1] and chemical vapor depositior
In particular, our experimental studies suggest lattice transformation from ideal moiré periodicity to
mesoscopically reconstructed domains for heterostacks near both parallel and antiparallel alignment
provide a unifying perspective on the origin of the diverse excitonic features associated with mesosc
lattice reconstruction, and substantiate oundiings by ongo-one correlations between observations in
optical spectroscopy and secondary electron imaging of the heterostack morphology.
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The pursuit of light propagation at extreme subwavelength scales has been a prominent subject witt
nanophotonics. Achieving control over this phenomenon is pivotal for the realization of photonic circi
and onchip devices. Polaritons in natural matds, which are hybrid lighthatter modes, offer a powerful
framework for light control with field confinement far below the diffraction limit. Polaritons have emer
as effective carriers of light, electrical signals, and even heat at the nanoscaleawittiiip circuits. Here,
we implement nanoscale polaritonic-plane steering and cloaking in a lé@ss atomically layered van de
Waals insulator? -MoQO;s, comprising building blocks of customizable stacked and assembled structure
Each block, providing high quality factors and low interface losses, contributes specific characteristic
allow us to steer polaritons along the desired trajectories. Th@ach allows us to guide polaritons
along any desired paths, leading to the demonstration gflane cloaking devices at deep subwaveleng
scalesFrom a scientific perspectiveur results introduce a natural materiatgsed approach for the
comprehensive manipulation of nanoscale optical fields.This breakthropghs up a wealth of
possibilities for advances in transformation polaritonics and represents a solid step in the quest towe
achieving the ultimate optical manipulation goal through a meticulous organization of atomically thin
interfaces.
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