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Abstract Proceedings comprising summaries of research papers prepared for two closely related to research of nonequilibrium
states in condenced matter — Ultrafast Bandgap Photonics and Ultrafast Dynamics and Metastability which forming the
Symposium. The Symposium builds a bridge between cutting edge modern physics and emerging applications which are
desperately in need. Symposium is vertically integrated, covering the area of interaction of high intensity and relatively low
energy pulses with condensed matter, from fundamental physics to practically applicable energy sources, devices and
technologies.

This workshop is the 13th in a series of International symposia, conferences and workshops on Ultrafast Dynamics,
Metastability and closely related while mostly technology application driven Ultrafast Bandgap Photonics which we are
running from 2011. University of Crete and Foundation for Research and Technology - FORTH are hosting the 13th
Symposium on the island of Crete

The Symposium is organized by sections that are focused either on research field or on phenomena. The division is pretty much
conditional, while providing direct access to general topics of interest for the research community and applications as well.
Phenomenology topics, like ultrafast dynamic in heterostructures and spin-and orbital ultrafast phenomena may overlap areas of
studies like noneqilibrium high temperature superconductivity and ultrafast magnetism, creating multiple entries into the
Proceedings General reviews of Ultrafast Dynamics and Ultrafast Bandgap Photnics progresss as well as the most interesting
recent discoveries are presented here as the keynote papers. Material oranized in sections and each section divided by sessions.
Each section has the keynote papers, where results and considerations of most common interest topics are presented, while the
Astract Proceedings is compiled based on generally alphabetic list of the speakers in Program -as it was presented at the
Symposium. Plus to Table of Contents the Abstract Prosceeding has list of authors where the authors of submitted papers are
listed with their papers associated page numbers.

The Abstract Proceeding is actually a snapshot of most interesting and noticeable research results in Dynamics of
Nonequilibrium that one can get in 2025. a snapshot of up to date research results and progress in Ultrafast Dynamics and
Metastability and the applications in Ultrafast Bandgap Photonics. It is an Encyclopedia of Ultrafast Dynamics, Metastability
and Ultrafast Bandgap Photonics that presents the status quo in the disciplines ranging from Theoretical Physics to Ultrafast
Laser and covering practically all phenomena of interests in interaction of light with complexly organized condensed matter in
form of low dimentional structures of different origins as well as bulk materials in different ambient contitions including
temperature, pressure, electric and magnetic potentials, biased irradience or current and so on.

In Loving Memory of Elena
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Lightwave electronics in quantum materials —from

Band-structure englneerlng o attosecond mlcroscopy
R. Huber?, J. Repp®, M. Kira? U. Hofer®
1Unlversny of Regensburg 93040 Regensburg Germany
UnlverS|ty of Michigan, Ann Arbor, MI 48109, USA
*Philipps-Universitat, 35032 Marburg, Germany

Lightwave electronics. Intense light pulses in the infrared spectral window have enabled a disruptive
development at the interface between electronics and strong-field optics known as ‘lightwave
electronics’ [1]. The key idea is to employ the oscillating carrier field of tailor-made infrared pulses as
an alternating voltage to ballistically accelerate electrons through solids. By driving electrons faster than
a cycle of light and thus also faster than typical scattering times, lightwave electronics can unlock an
intriguing coherent quantum world with exciting perspectives for future quantum technologies [1].
Prominent aspects of lightwave-driven electron dynamics in solids range from dynamical Bloch
oscillations and high-harmonic generation [2] to quasiparticle collisions [3,4], all-optical reconstruction
of band structures [5] and Bloch wavefunctions [6] as well as first lightwave electronic device
functionalities [7]. Here, we will review some of the recent unexpected discoveries in our quest to shape
electronic quantum trajectories with tailored terahertz and infrared field transients.

Lightwave electronics meets topology and correlations.In the first step, we explore the unusual quantum
pathways of lightwave-driven electrons in topologically non-trivial materials. A prototypical example is
given by the topological surface state on bulk Bi,Tes. Owing to the linear energy-momentum relation
and the rigid spin-momentum locking of these surface states, terahertz light fields can accelerate
electrons like relativistic particles to cover large distances without scattering and heating. This motion
leads to a new quality of non-integer high-harmonic generation, whose polarization reveals topologically
non-trivial electron trajectories [8]. By advancing angle-resolved photoelectron spectroscopy (ARPES)
to subcycle time scales, we can even visualize the lightwave-driven acceleration of Dirac electrons [9],
the transient formation of Floquet-Bloch states (Fig. 1) and the non-perturbative interplay of inter- and
intraband dynamics in actual subcycle band-structure movies [10]. Moreover, we leverage spin-
momentum locking in the topological surface state to demonstrate subcycle switching of magnetization
[11]. Our results shed new light on the process of high-harmonic generation and open novel possibilities

for ultrafast band-structure engineering and lightwave spintronics.
b
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"\ £=-60fs NN\ t=-50fs Fig. 1. Birth of a Floguet-Bloch
A\ L A _ band structure. a, Phase-locked
mid-infrared driving field. b, Sub-
cycle band-structure videography
captures how band replica of the
topological surface state of Bi,Tes
emerge within one oscillation cycle
of the carrier wave of an intense
mid-infrared light pulse [9].
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Going beyond dominantly single-particle dynamics, we also show how Coulomb correlations manifest
directly in the time domain [12]. Photogenerated electron—hole pairs can be accelerated and collided by
lightwaves, giving rise to high-order sideband generation [3-6]. By clocking electron-hole recollisions
with attosecond precision, we find that strong Coulomb correlations in atomically thin WSe, shift the
optimal timing of recollisions by up to 1.2 + 0.3 fs compared to the bulk material [12]. Such attosecond
chronoscopy of delocalized electrons could thus become a powerful tool in exploring unexpected phase
transitions and emergent many-body quantum-dynamic phenomena.

Subcycle band-structure videography of the entire Brillouin zone.The above advances in angle-resolved
photoemission spectroscopy have allowed us to directly visualize the buildup of Floquet-Bloch band
structures, the emergence of intraband currents, and interband transitions with subcycle time resolution.
Yet hemispherical photoelectron detectors in combination with near-UV probe pulses (photon energy, 3
to 6 eV) have accessed electron dynamics only along specific directions near the Brillouin zone center.
In many quantum materials, however, critical phenomena occur at the Brillouin zone boundaries. By
combining electron momentum microscopes with femtosecond EUV pulses, the photoemission horizon




of ultrafast ARPES has been extended beyond the first Brillouin zone of key quantum materials
[13,14,15,16]. We combine this breakthrough with strong-field control of electrons, for the first time
[17]. Utilizing atomically strong 1.5-cycle mid-infrared (MIR) driving fields together with sub-10-fs
EUV probe pulses (photon energy, 21.7 eV) and state-of-the-art photoemission momentum microscopy,
we explore lightwave electronics throughout the entire first Brillouin zone. To reach good measurement
statistics within short acquisition times, we develop a laser system that operates at a high repetition rate
of 50 kHz while still reaching MIR peak electric fields above 200 MV/cm, corresponding to an average
MIR power as high as 1 W. The new laboratory allows us to drive electrons in a monolayer of graphene
with MIR pulses (center frequency, 27 THz) while EUV pulses probe the dynamics with subcycle time
resolution (Fig. 2). Observing the full 2D carrier distribution with sub-fs temporal resolution, we
uncover the fundamental microscopic processes at play. In particular, the dynamics of intraband currents
and interband transitions as well as the subsequent interplay between different scattering channels are
revealed. Our approach provides key insights into the conditions necessary for achieving fully coherent,
field-driven electronic dynamics and opens new avenues for exploring rich phenomena in the strong-
field regime, including Landau-Zener tunneling, dynamical Bloch oscillations, optical band-structure
engineering and light-induced phase transitions.
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Lightwave electronics with atomic resolution. Finally, we merge the idea of lightwave electronics with
the sub-Angstrém spatial resolution of low-temperature scanning tunneling microscopy (STM) to
capture the elementary building blocks of matter in direct ultrafast atom-scale slow-motion videography.
Starting with first femtosecond movies of individual vibrating molecules [18], our approach is widely
tunable to visualize structural and electronic dynamics as well as atomically localized electromagnetic
fields on their intrinsic length and time scales. These fields can also act as femtosecond atomic forces to
selectively choreograph a coherent structural motion of a single-molecule switch in its electronic ground
state [19]. By combining atomic forces with energy-selective tunneling in the first-ever lightwave
scanning tunneling spectroscopy, we resolve how spin-orbit-split energy levels of an isolated selenium
vacancy in a WSe, monolayer continuously evolve under controlled excitation of lattice vibrations
(Fig. 3a) [20]. Moreover, we utilize ultrafast tunneling currents as ultimately small emitters of electro-
magnetic radiation to push all-optical microscopy to atomic spatial and femtosecond temporal resolution
[21]. This novel kind of near-field optical tunneling emission (NOTE) microscopy (Fig. 3b) allows for
atomic resolution ultrafast nanoscopy even of insulating samples [21]. Finally, we show how lightwave-
driven STM can be scaled from terahertz to near-infrared driving fields [22]. In principle, this step could
improve the temporal resolution from ~100 fs down to attoseconds. Yet, competing multi-photon
processes and thermal instabilities pose severe challenges in this spectral domain. Therefore, we
introduce an attosecond STM concept that is immune against thermal artifacts. By pulse synthesis, we
periodically vary the waveform of single-cycle near-infrared pulses to drive tunneling currents while
keeping the thermal load on the tip constant. In a non-degenerate pump-probe scheme, we observe clear
attosecond features in the subcycle currents and demonstrate atomic resolution by taking snapshot
images of a single Cu adatom on a silver surface (Fig. 3c).
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Fig. 3. a, Lightwave-driven scanning tunneling spectroscopy (STS) of a single chalcogen defect in a
monolayer of WSe, [20]. The local density of states measured with d.c. STS (top panel) indicates two spin-orbit
split states (vertical broken lines) of the single selenium vacancy (blue curve) located inside the gap of the pristine
monolayer (red curve). Ultrafast STS (lower panel) captures a periodic energy shift of the defect levels as a
function of the delay time t between terahertz excitation of a drum mode of the monolayer and STS probing.
b, Near-field optical tunneling emission microscopy (NOTE) [21]. When the tip of an ultra-high vacuum near-
field microscope is approached within atomic distance of a metal substrate the amplitude of the scattered
terahertz waveform (top panel) suddenly increases while its phase shifts by p/2. This behavior is caused by a
new contrast mechanism where lightwave-driven atomically-confined tunneling currents between tip and sample
lead to coherent light emission (inset). ¢, Attosecond STM [22]. Biasing the junction of a low-temperature STM
with phase-locked single-cycle near-infrared waveforms (left inset) while keeping the optical power strictly
constant allows us to observe attosecond tunneling currents. These currents can be used to spatially resolve a
single Cu adatom on a silver surface (right inset).

Our results pave the way to recording the fastest relevant dynamics of electrons within atoms, molecules
and quantum materials in actual attosecond atomic videography.
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Conductivity dynamics in THz driven spin-ladders
J. Déssegger', P. Puphal®, E. Pomjakushina®, T. Suter', Z. Macdermid®, Z. Chen*, S. L. Johnson®, E. Abreu®
ETH Zurich, 8093 Zirich, Switzerland
2 Max-Planck Institute for Solid State Research, 70569 Stuttgart, Germany
*Paul Scherrer Institut, 5232 Villigen, Switzerland

The nature of the superconducting state in unconventional superconductors, in particular high
temperature superconducting cuprates, remains to be fully understood. The fundamental building blocks
in cuprates are two-dimensional CuO; layers. One approach to simplifying the problem consists in
lowering the dimensionality of the system. Sri;xCaxCu4041 (SCCO) compounds have a quasi-one-
dimensional structure characterized by alternating layers of Cu,O3 ladders and CuO; chains. These spin-
ladder systems exhibit a rich phase diagram, where conductivity, charge order and magnetic order can
be controlled by varying temperature, external pressure and the level of Sr substitution by Ca, x. In
particular, a superconducting phase arises for temperatures below 15 K, an applied pressure of 3-10 GPa
and x > 11.5. The conductivity in these inherently hole doped materials, and in particular the
superconducting phase, is believed to be controlled by the distribution of holes between the chains and
the ladders. [1] We investigate the low frequency response of bulk single crystal SCCO samples with Ca
contents x = 0, 7 and 12. In the first part of my talk I will discuss the ultrafast nonlinear conductivity
transient that arises following excitation by a strong THz field pulse, and how this behavior depends on
the intensity and polarization of the pump and on the temperature and doping level of the sample.

In a second part | will discuss our efforts to combine
THz spectroscopy with the application of high pressure in a diamond anvil cell [2].

Incoming THz

Sample

| Gasket

=

Pressure ( | i

L

Outgoing THz

Fig. 1. Schematic of a diamond anvil cell showing the two diamonds and the gasket. The sample chamber
includes the sample, a pressure medium and a ruby crystal used as a pressure gauge. The THz spot size being
larger than the gasket hole, the THz beam is truncated by the gasket [2].

While pressure has been used extensively to draw phase diagrams in equilibrium, it has been applied
only to some extent in ultrafast measurements and very seldom in combination with THz time-domain
spectroscopy. Combining high pressure, low temperature and time-resolved THz spectroscopy is of
great interest in condensed matter, in particular for the study of quantum materials such as spin-ladder
compounds and Mott insulators.
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Ultrafast magnetism across magnetic material classes
M. Aeschlimann
RPTU Kaiserslautern-Landau, 67663 Kaiserslautern, Germany

Ultrafast magnetism - the exploration of magnetic dynamics on femtosecond to picosecond timescales -
offers profound insights into the fundamental processes that govern spin behavior in different classes of
magnetic materials. A key distinction emerges between metallic and dielectric magnetic systems, rooted
in their contrasting electronic structures and excitation mechanisms. In metallic ferromagnets, such
as transition metals and their alloys, ultrafast demagnetization is primarily mediated by strong electron-
electron and electron-phonon interactions, made possible by the high density of free charge carriers [1].
These interactions enable efficient energy redistribution, leading to demagnetization on sub-picosecond
timescales - often within a few hundred femtoseconds. The dense electronic environment facilitates
rapid angular momentum transfer, contributing to the remarkably fast magnetic response.

Metallic antiferromagnets, by contrast, are predicted to exhibit even swifter magnetization dynamics.
Here, spin-flip scattering between antiparallel sublattices can drive ultrafast magnetic responses without
requiring significant angular momentum exchange with the lattice. This intrinsic mechanism points
toward magnetization changes on timescales potentially shorter than those observed in ferromagnets,
highlighting their promise for ultrafast spintronic applications.

Dielectric antiferromagnets - including magnetic insulators and garnet systems - exhibit fundamentally
different behavior due to the absence of free electrons. In these materials, the ultrafast magnetic
response is not governed by electron scattering, but instead emerges from spin-lattice coupling, magnon
excitation, and spin-orbit interactions [2,3]. As a result, their magnetization dynamics tend to unfold
over longer timescales, often involving coherent spin wave phenomena and nonthermal pathways. The
complexity of these processes provides rich opportunities for the manipulation of collective spin
excitations in insulating environments.

In our comprehensive study, we investigated the ultrafast magnetic response of representative systems
from various magnetic classes - including metallic ferromagnets, metallic and dielectric
antiferromagnets (see Fig. 1), as well as emerging altermagnetic materials [4]. By employing direct
optical excitation to drive magnetic dynamics, we aim to uncover the characteristic timescales,
mechanisms, and interplay of spin, charge, and lattice degrees of freedom in each system.

160 + - ) . Fig. 1: Demagnetization time as a function of the
T " ° NiO quenching of the magnetic order parameter induced by
T __ 7 direct optical excitation with ultrashort laser pulses. A
120 4 —e ] clear contrast emerges between antiferromagnetic
] ™ (AFM) and ferromagnetic (FM) materials: in AFMs, the
demagnetization dynamics accelerate with increasing
n L] - excitation strength, reflecting an enhanced efficiency of
: spin angular momentum redistribution under strong
perturbation. In contrast, for ferromagnetic nickel, a
pronounced slowdown of demagnetization is observed
as the quenching deepens, suggesting a bottleneck in
angular momentum dissipation at higher excitation
levels. Across the examined systems, metallic
compounds exhibit consistently shorter demagnetization
times relative to their dielectric counterparts,
underscoring the pivotal role of free carriers in
facilitating ultrafast spin dynamics.
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Understanding these fundamental differences is essential not only for the design of next-generation
spintronic devices and ultrafast magnetic memory technologies, but also for accessing novel
nonequilibrium phenomena that are uniquely accessible in the ultrafast regime.
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Unveiling photoinjection dynamics
M. Agarwal, V.S. Yakovlev
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Strong-field ionization, leading to the formation of electron wave packets, is central to attosecond
science. In solids, valence electrons can be promoted to conduction bands via multiphoton absorption or
interband tunnelling induced by a strong laser field. The highly nonlinear nature of this process confines
photoinjection to sub-half-cycle time intervals (for linearly polarized fields). Furthermore, for few-cycle
pulses, photoinjection can be largely confined to a single half-cycle of the electric field [1]. These
properties are central to ultrafast techniques such as nonlinear photoconductive sampling [2] and solid-
state TIPTOE [3], which enable optical-field-resolved measurements with a petahertz bandwidth [4].
Advancing these techniques requires a deeper understanding of photoinjection dynamics. Key questions
remain: What is the duration of a sub-half-cycle photoinjection event? How many carriers are
photoinjected by each half-cycle? And what are the optimal conditions for single subfemtosecond
photoinjection within feasible optical waveforms?

Answering these questions hinges on the availability of reliable strong-field photoinjection rates.
However, calculating non-adiabatic (diabatic) rates from first principles is challenging due to the lack of
a rigorous definition of instantaneous ionization probability in the presence of a strong electric field [5].
Because of this, the precise rate of carrier generation during the laser pulse remained elusive, and many
researchers resorted to using rates based on crude approximations. At the same time, the concentration
of photoinjected carriers after the interaction with a laser pulse is unambiguously defined and easily
calculated.
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Fig. 1 An illustration of GASFIR performance for SiO, (Left-a) The input data, represented by the full circles,
consists of concentrations of conduction-band electrons, n,, obtained in 45 ab initio simulations, where
photoinjection by a single-cycle pulse was calculated for various values of the pulse’s central wavelength, 4,, and
peak electric field, E,. With 9 adjustable parameters, GASFIR accurately reproduces all the input data. (Right-b)
Phlotoinjection rate for A, = 800 nm and E, = 1 V/A. The shaded region represents the squared electric field of the
pulse.
We re-examine the problem of defining and calculating photoinjection rates by asking: “Can we
reconstruct ionization dynamics from photoinjection probabilities obtained for a set of different laser
pulses?” We demonstrate that this is possible, but it requires an ionization model that is not limited by
the quasistatic approximation and combines the flexibility required for matching ab initio input data with
constraints imposed by the physics of nonlinear light-matter interaction. We present such a model,
which we call a General Approximator for Strong-Field lonization Rates (GASFIR). We have validated
its performance across diverse materials (a-quartz, diamond, silicon) and ionization regimes (few-
photon, multiphoton, tunneling). By revealing accurate photoinjection dynamics, this new method may
find many applications in lightwave (petahertz) electronics.
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Photoionization in strong optical fields of atoms and molecules, as well as analogous processes of
transitions from valence to conduction band in solids, are at the heart of attosecond science. In a similar
way, under the action of the strong fields electrons leave the surface of metallic nanostructures (NS)
[1,2]. In the last decade this process has attracted strong and growing interest in the context of
attosecond science. Most of the attention is paid to the dynamics of electrons themselves, which is of
high importance in the context of generation of on-chip petahertz electronics [3-5], as well as several
other applications. Here we consider, in contrast, a photoinduced current mechanism. Electrons which
emerge in the continuum and are subsequently accelerated by the field, also emit radiation, which does
not depend on their return to the parent ion [6-8]. This radiation, typically located at lower frequencies
than high harmonic generation (HHG), attracted much less attention, with an exception of the lowest-
order (0th) harmonic [9], which is typically located in terahertz (THz) range.
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Fig. 1. Photoinduced current harmonics from metallic nanostructures. (a) The exemplary driving strong electric  field.  The inset
shows the rectangular modeling potential, deformed by the electric field, and the tunneling of the electron. (b) The exemplary classical
trajectories, showing the influence of the field gradient a near the nanostrcture. The inset shows the geometry, including the
nanostructure (blue) and the field gradient (red shading), as well as the external field E(t) and the emitted harmonics E(t). (c)
Dependence of the harmonic strength on the field gradient.

Here, we study the emission of harmonics, emitted by the photoinduced mechanism in metallic NSs at
THz and higher frequencies [10]. We use the single-particle Schrddinger equation with the modeling
potential [3,4] (see insets to Fig. 1a,b) to model the ionization dynamics. We predict that the same
mechanisms which acts in gases and solids will also create the photocurrent-based harmonics in the case
of NSs. One of the distinctive features of the nanostructures is the presence of the extremely strong local
field gradients due to the field enhancement [1,2] (see Fig. 1b). We show (see Fgi. 1b,c) that the field
gradient can significantly reduce the harmonic emission efficiency in the case if the gradient is large
enough. We also show that the scaling of harmonic energy with the field gradient can shed light on the
dynamics of the electron wavepacket at the exit of the tunneling barrier.
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Two-dimensional (2D) transition metal dichalcogenide semiconductors exhibit correlated phenomena
that can lead to emergent quantum phases, making them highly promising for next-generation electronic
and optoelectronic devices. A possibility to tune the many-body interactions is in-situ electric field
gating, which allows precise and reversible control of the filling of states in a moiré potential. In
combination with angle-resolved photoemission spectroscopy (ARPES) for static band structure
measurements, this approach has been shown to be a powerful experimental probe [1]. However, the
study of excited states in gated 2D material structures, such as hybrid excitons [2], interlayer excitons [3,
4] and trions, has so far remained elusive, due to the limited real-space resolution of ultrafast time- and
momentum-resolved spectroscopy techniques.

Here we combine time-resolved momentum microscopy with dark-field imaging techniques to gain
access to many-body interactions on femtosecond time and nanometer length scales [5].

Fig. 1. Ultrafast dark-field momentum microscopy images the formation of dark intra- and interlayer excitons at
the nanoscale [5].

This approach enables the direct observation of spatio-temporal and spatio-spectral dynamics of bright
and dark excitons at the nanoscale, providing unprecedented insight into the locally varying excited state
energy landscape. We further extend this method to study electric field gated homo-bilayer WSe, and
report the ultrafast formation of quasiparticles as a function of applied gate voltage.
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Control-based variational quantum algorithms and minimal

Evolution time
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Quantum simulation on noisy intermediate-scale quantum devices is severely limited by short qubit
coherence times. We developed a pulse-based variational quantum algorithm known as ctrl-VQE to
address this issue by eliminating the need for parameterized quantum circuits, which lead to long state
preparation times [1]. We use this algorithm to find the fastest possible pulses that prepare target
molecular wave functions for a given device Hamiltonian describing coupled transmon qubits using
simulations [2]. We find that the resulting time-optimal pulses develop a bang-bang form consistent with
Pontryagin’s maximum principle. We further investigated how the minimal state preparation time is
impacted by the number of energy levels active in the transmon simulations. We find that leakage
outside the computational subspace (something that is usually considered problematic) speeds up the
state preparation, further reducing device coherence time demands. Our analysis reveals that this
speedup is due to both an enlarged solution space of target wave functions and the appearance of
additional channels connecting initial and target states.
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Fig. 1. (Left) Schematic of pulse-based variational quantum algorithms. Pulses are applied to qubits on a
guantum processor to prepare many-body quantum states. Measurements of the energy on the quantum processor
are fed into a classical computer, which uses this data to determine updated pulse parameters. The quantum-
classical feedback loop is iterated until the energy is minimized and the target state is prepared on the quantum
processor.

(Right) Qualitative depiction of state evolution in the Hilbert space of qudits with two or more levels. The time-
optimal path in the computational subspace (yellow surface) is shown as the path with evolution time T = T+ Many
paths are possible to reach the solution ¥(T) when T > T+ (gray curvy line). Access to leakage states provides new
paths (shown by darker red paths) that reach the solution faster than T~ when the final state is projected onto the
computational subspace.

In addition, we find that the performance of the algorithm can be enhanced by making a judicious choice
of pulse parameterization [3]. Even shorter state preparation times are possible on other hardware, such
as semiconductor spin qubit devices [4].
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Parametric excitation and associated devices play a crucial role in enhancing weak electromagnetic
signals, facilitating the conversion of collective modes between different frequencies, generating and
measuring squeezed and entangled states, and enabling the development of innovative information
processing architectures. When brought to the realm of sound waves, the parametric control, generation,
and manipulation of phonons have long been sought after, presenting unparalleled opportunities to
advance the field of phononics. In this framework, the attention has been mostly devoted to the
realization of materials platforms and devices for the amplification of phonons in low-frequency range
(e.g. trapped ions, optical tweezers and nanomechanical resonators), as well as for terahertz phonons in
semiconductor superlattices and by means of pump-probe experiments in SiC. Although significant
advancements have been made, parametric controlling of collective excitations like phonons remains a
challenge. In this work, we present evidence of a yet unexplored mechanism for a coherent parametric
excitation of low-energy Raman-active phonon in the centrosymmetric lanthanum aluminate, LaAlO;
(LAO), which makes use of an intense THz electric field [1]. So far, the excitation of Raman-active
modes in solids have been achieved via Impulsive Stimulated Raman Scattering (ISRS) [2], via Sum
Frequency Generation (SFG) [3], or, via lonic Raman Scattering (IRS) [4,5,6]. Here, we demonstrate
that an intense terahertz pulse, with central frequency in the range of 1-2 THz, not only has the ability to
coherently stimulate, by ISRS and SFG, the Raman-active Eg phonon at about 1 THz but also generates
significant subharmonic spectral components, which are distinct signatures of an underlying parametric-
driving mechanism. This mechanism is based on the absorption of photons through an optical transition
involving a pair of acoustic vibrational modes.
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Fig. 1 Experimentally detected polarization rotation in LaAlO3 following near-infrared or broad band THz
pumps. Polarization rotation of a transmitted 800 nm probe through a LaAlO3 crystal, following the excitation
by a near-infrared (1300nm) (orange curve) or a broadband THz excitation (blue curve), in (a) time and (b)
frequency domains. Measurements are performed at 8K. The FFT is evaluated in the range of 0-50 ps.
The sample response is normalized by the pump fluence. Inset in panel (a): time-domain dynamics at longer
timescales.
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Here, we demonstrate that an intense terahertz pulse, with central frequency in the range of 1-2 THz, not
only has the ability to coherently stimulate, by ISRS and SFG, the Raman-active Eg phonon at about 1
THz but also generates significant subharmonic spectral components, which are distinct signatures of an
underlying parametric-driving mechanism. This mechanism is based on the absorption of photons
through an optical transition involving a pair of acoustic vibrational modes.
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Fig. 2. LAO [100] Probe polarization rotation in time (a) and frequency domain (b) following narrowband
THz excitation (with central frequencies of 1 THz and 2 THz). The light blue and orange traces in panel (a), as
well as the light blue and orange shaded regions in panel (b), show electro-optical sampling of the incident
narrowband THz pulses in the time and frequency domains, respectively. Inset of panel (b) shows Eg amplitude
vs electric field amplitude. The dashed gray lines in the inset show the best fit. figure (c) is a schematic of the Eg
Raman-active phonon dispersion (blue) and the acoustic phonons dispersion (red) and illustrates the up-
conversion mechanism where two acoustic phonons (red dots) convert into Raman-active phonons (blue dots).
(d) shows the calculated spectral intensity of the Raman amplitude |Qg| (solid black line) as a function of the
frequency. The calculation was made assuming parametric phonon dynamics in LaAlO3, driven by narrowband
1THz (blue) and 2THz excitation.

The interaction between the Raman-active and the acoustic modes results in a parametric excitation of
the Raman-active phonon, leading to the emergence of dynamical components at subharmonic
frequencies.
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Barnal stacked bilayer graphene is a promising material for electronic and optoelectronic applications
since it supports an interlayer asymmetry band gap, which can be manipulated, for example, by applying
an external electric field or by changing the carrier concentration [1, 2]. Even more and as shown more
recently, charge carrier injection can also induce cascades of correlated phases at sufficiently low
temperatures, such as metallic Stoner phases or electronic Wigner crystals [3]. The question arises
whether such changes in the electronic properties of bilayer graphene are also possible on ultrashort time
scales. Previous work by various groups has shown that ultrafast charge transfer processes in different
types of 2D heterostructures enable the necessary charge injection on the relevant time scales [4, 5].
However, the effect of such charge injection on electronic structure changes in bilayer graphene and the
associated time scales have not yet been investigated.

In this contribution, we present results of a time- and angle-resolved photoemission study on ultrafast
band renormalization effects in bilayer graphene following laser-induced injection of charge carriers at
densities in the order of a few 107 electrons per unit cell from an intercalated silver monolayer on SiC.
The experimental data indicate band shifts on different time scales ranging from 10 fs to several 100 fs
that we associate with transient changes in the chemical potential, in the size of the band gap and in the
splitting of the n-band (see Fig. 1).
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Fig. 1. (a):ARPES data auf bilayer graphene/monolayer Ag/SiC along the M-K-M direction of the bilayer
graphene Brillouin zone; (b) ARPES difference intensity map highlighting transient band structure changes 250
fs after excitation, arrows indicate band shifts associated with the observed changes in spectral weight;

(c)ARPES difference intensity transient at K; the inset illustrated the bandstructure of bilayer graphene near K.

The various effects can be attributed to a complex interplay between the global change in charge carrier
density and to transient changes in the interlayer asymmetry of bilayer graphene due to changes in the
potential difference and dimer coupling between the graphene layers. The results demonstrate the
possibility of efficient band engineering of bilayer graphene on ultra-short time scales.
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Exciton-polariton formation and propagation in semiconducting

Transition metal dichalcogenides
M. Bauer
Christian-Albrechts-Universitat zu Kiel, 24098 Kiel, Germany

Excitons are the focus of numerous experimental and theoretical research efforts due to their promising
potential for light-driven energy harvesting. From the many semiconducting materials exhibiting
excitonic resonances, transition-metal dichalcogenides (TMDC) have garnered special interest in recent
years since they exhibit excitons with large binding energies [1]. Embedding TMDC films within
micrometer-sized cavities creates a suitable environment for a strong interaction between excitons and
photons facilitating the formation of light-matter quasiparticles termed exciton-polaritons [2]. Its hybrid
nature promises new avenues for the energy exchange between light and matter and thus new
technological developments. The transfer of energy via the propagation of such a quasiparticle is
especially interesting. Therefore, the interaction of excitons with propagating light modes rather than
spatially confined cavity photons may provide another suitable environment for exciton-polaritons.
Essentially, thin films of TMDC materials themselves host the necessary waveguiding modes, which are
able to interact with the intrinsic exciton resonances [3].

In this contribution I will give an introduction to the formation of propagating exciton-polaritons and the
conditions under which such modes form in thin TMDC films. | will further explain how we detect and
characterize these quasiparticle modes using the technique of photoemission electron microscopy
(PEEM) (see Fig. 1) [4].
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Fig. 1. Exciton-polariton dispersion relation in a 30 nm thick WSe, flake: PEEM data (left) in comparison to
results of a Finite Difference Time Domain (FDTD) simulation (right). The deviation from the linear polariton
dispersion near the energy of the A exciton in WSe, of about 1.6 eV is the spectral signature for exciton-
polariton coupling. 4E indicates the value for the characteristic energy splitting of the dispersion relation due to
exciton-polariton coupling as determined from the PEEM data and FDTD data, respectively.

Finally, I will show in a first example that we can even track the propagation of these modes in real time
under broadband excitation using time-resolved PEEM.

References

[1] G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, B. Urbaszek, Review of Modern Physics 90, 021001 (2018).

[2] N. Lundt, S. Klembt, E. Cherotchenko, S. Betzold, O. Iff, A.V.Nalitov, M. Klaas, C. P. Dietrich, A.V. Kavokin, S.Hofling, C. Schneider
Nature Communications 7. 13328 (2016).

[3] X. Zong, L.Li, L. Li, K. Yu, Y. Liu, Optics Express 31. 18545 (2023)

[4] T. Eul, M. Sabir, V.de Manuel-Gonzales, F. Diekmann, K. Rossnagel, M. Bauer, arXiv:2502.03361(2025).


https://scholar.google.com/citations?user=_0siAFAAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=vfe2E7QAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=UN3TkIYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=mxfrs1AAAAAJ&hl=en&oi=sra

21

Exciton photoemission orbital tomography from

2D semiconductor materials
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Excitons are realizations of a correlated many-body wavefunction, consisting of a Coulomb-bound
electron and hole pair. They are the dominant excitations in semiconducting organic and low-
dimensional quantum materials and, thus, govern their optoelectronic response. To unlock the full
optoelectronic potential and to harvest and control exciton-mediated energy conversion pathways, a
microscopic understanding of excitons is crucial. Ultimately, this relies on access to the correlated
exciton wavefunction, which has hardly been realized in experiments. A powerful technique to access
quantum mechanical wavefunctions is photoemission orbital tomography (POT). POT provides direct
access to the single-electron wavefunctions, i.e., the molecular orbitals, of well-oriented organic
molecules using angle-resolved photoemission spectroscopy (ARPES) [1]. Our work expands on the
concepts of POT to gain unprecedented insight into the correlated wavefunction of excitons in organic
semiconductors [2], 2D transition metal dichalcogenides (TMDs) [3], and 2D-organic hybrid interfaces
[4]. This includes exciton localization, hybridization, charge and energy transfer, as well as ultrafast
exciton formation and relaxation dynamics. In this presentation, | will introduce the concept of exciton
photoemission orbital tomography and demonstrate the power of this technique to investigate the
exciton Iandscape of a hybr|d 2D- organlc lnterface [4]
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Fig. 1. Exciton landscape of the hybrid WSe,/PTCDA interface [4]. a Photoemission signatures of the different
excitons, which can directly be attributed to the K (orange), X (gray) and the hybrid (hX) (blue) excitons shown in b.
Here, the hX is characterized by a two-peak structure in energy, which can be traced back to the different hole
contributions, and a LUMO-like momentum distribution. c. Exemplary hole probability density isosurface (cyan) for
the hX for fixed electron position (red dot) on the molecule. Notably, the hole has a significant probability to be
found on the PTCDA molecule as well as on the WSe; layer.

Notably, our findings reveal a hybrid exciton state characterized by concomitant intra- and interlayer
electron-hole transitions within the molecular layer and across the 2D-organic interface, respectively,
which gives rise to an exciton wavefunction with a mixed Frenkel-Wannier character.
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Energy scaling of nanosecond fiber amplifiers at 2.8 microns
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High-energy nanosecond pulsed sources near 2.8 um are gaining considerable attention due to their
strong absorption by water-rich biological tissues, making them highly effective for precise laser
ablation in surgical and biomedical applications. While short pulse durations, typically in the
nanosecond range, help limit thermal damage in soft tissues, high pulse energy and average power
remain essential for effective ablation of less water-rich materials such as bone or dental enamel
[1,2].The laser sources are energy-limited in this wavelength region and fluoride fibers offer a promising
solution for the efficient amplification of 2.8 pum pulses with their broad mid-infrared transparency,
favorable absorption band properties and high rare-earth doping capacity. Recently, the potential of such
amplifiers has been demonstrated at the millijoule-level in various configurations, including two-stage
amplification with multimode output seeded by an optical parametric generator (OPG) and single-mode
output using coiled low-NA Er:ZrF, fibers seeded by a Qswitched laser [3,4]. We also proposed a
simple design which eliminates isolators and complex free space optics used in previous works and
demonstrated 2 mJ output at 10 W average power with a peak power of 10 MW, using a hybrid
architecture [5]. This system consists of an OPG as the seed and two amplification stages made of large-
core Er:ZrF, fibers and home-made pump combiners as shown in the Fig.1 below.
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Fig. 1 Experimental setup of an isolator-free fluoride fiber amplifier based on custom home-made combiners.
CMS: Cladding mode stripper, L: lens, PC: pump combiner, PD: pump diode.
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These recent advances demonstrate the capability of fluoride fiber amplifiers to combine energy
scalability with architectural simplicity and their strong potential for achieving multi-millijoule output.
In this talk, we will present the steps required to scale up to 10 mJ-level pulse energy and beyond near
2.8 um by using fluoride fiber amplifiers. These include optimized fiber fabrication and gain
distribution, improved thermal handling and component-level improvements such as ultra-low splicing
techniques and more efficient pump combining strategies. Such developments could enable a new class
of mid-infrared laser systems suitable for demanding applications in biomedical surgery and advanced
material processing
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Gapless-to-gapped transition in the fluctuation mode spectra of

Semiconductor lasers
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Semiconductor lasers have become ubiquitous, with examples ranging from laser diodes in optical
communications networks to surface-emitting lasers (VCSELSs) used in facial recognition in smart
phones. There is also a wide variety of lasing mechanisms, ranging from optical gain provided by
electron-hole recombination without Coulomb interaction effects (this simple model is found in many
engineering textbooks), to exotic macroscopic quantum states such as Bose-Einstein condensates of
excitons. One would assume that the physics of the simple (and robust) electron-hole recombination
model is well understood. But generally, in physics, understanding a system implies understanding its
linear response to external probes (in lasers and other systems undergoing spontaneous symmetry
breaking, linear response is analyzed in terms of the system's fluctuation modes). It turns out that the
linear excitations and fluctuation modes of semiconductor lasers are not well understood, not even for
the simplest case of electron-hole recombination without Coulomb interaction. Formally, a
semiconductor quantum well (QW) microcavity laser is microscopically a highly coherent, driven-
dissipative phase of electrons, holes, and the cavity light field. Electrons and holes, being charged
particles, interact via the attractive Coulomb interaction, but also via the cavity light field. If the
incoherent pump source is above a certain threshold and the laser is 'switched on', the laser light, being
coherent, can be called the system's order parameter. There are useful formal analogies between
semiconductor lasers and Bardeen-Cooper-Schrieffer (BCS) superconductors, with electrons and holes
corresponding to Cooper pairs. An important concept in the original BCS theory for superconductors in
thermal equilibrium is that of an energy gap in the excitation spectrum of the superconducting state.
However, in some superconductors, e.g., those with dilute magnetic impurities, there is a gapless regime
in which the order parameter is finite, and the system is superconducting, but the energy gap is zero [1].
In previous work, we have demonstrated that polariton lasers can indeed operate in the so-called
polaritonic BCS regime (in contrast to the regime where the polaritons are almost like ideal bosons and
exhibit Bose-Einstein condensation) [2]. We have analyzed the fluctuation spectra of polariton lasers
triggered by interband probes, and found that these spectra contain exceptional points, which form
continua in the plane of the parameters cavity decay rate and pump density [3]. We have also analyzed
fluctuation spectra triggered by terahertz (THz) probes [4,5], and found that the gap energy can be
extracted from THz absorption/gain spectra by tracing out absorption extrema as a function of pump
density [5]. This work shows that, in analogy to gapless superconductivity, a gapless lasing parametric
regime, in which the frequency gap in the fluctuation spectrum is closed, exists for steady-state
semiconductor lasers [6]. The gap opens when the laser intensity exceeds a threshold. This gapless-to-
gapped transition occurs at a third-order exceptional point. The transitions are schematically summarized
in Fig.1.
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The energy eigenvalues of the THz fluctuation modes of a laser in which the Coulomb interaction
between charge carriers is neglected are shown in Fig.2:
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In Fig.3 we present the information from Fig.1 in a quantitative way for the case of lasers without
Coulomb interaction. It is seen that the gapless regime collapses to a single point when the relaxation
rates of the decay rates of the carrier occupation and the interband polarization are equal.

Fig.3. Schematic drawing, analogous to Fig.l,
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This is formally analogous to the case of magnetically doped BCS superconductors, where the gapless
regime exists only if the decay rates of the single-particle distribution and that of the order parameter are
different [1].
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Terahertz control of angular momentum in solids
S. Bonetti
Ca’ Foscari University, 30172 Venice, Italy

The interaction between light and matter is at the heart of the understanding of condensed matter physics.
Historically, the development of previously unavailable light sources, extending both the achievable wavelength
and brightness ranges, has greatly impacted fundamental research and eventually technology, such as for the case
of the laser. In this talk, 1 will focus on coherent terahertz radiation of large amplitude, i.e. with electric fields of
the order of 1 MV/cm and corresponding magnetic fields in the 0.1 — 1 Tesla range. Such combination of relatively
low-frequency radiation (as compared to the frequency of the visible range) and strong fields, has paved the way
for a new understanding and control of the spin and orbital angular momentum in solids. In fact, thanks to these
light sources, we have recently been able to experimentally discover two novel and elusive phenomena in
condensed matter. First, the evidence of magnetic "nutation”, predicted over 10 years ago, and second, the
observation of dynamical multiferroicity, i.e. of magnetic order coexisting with an electric polarization. Nutation is
the rocking motion of an object going on a precession around and axis, common to spinning tops and planets. It is
a consequence of the conservation of angular momentum, and can be described knowing the tensor of the inertia of
the object. Surprisingly, since the discovery, almost a century ago, of the ferromagnetic resonance, i.e. the
precession of the magnetization vector around a magnetic field, nutation was ignored by physical models of such
phenomenon. Instead, an unphysical inertia tensor was assumed in the phenomenological Landau — Lifshitz —
Gilbert (LLG) equation used to describe the precession of the magnetization. Such an unphysical inertial tensor
was anticipated by Gilbert himself in the footnote of a widely cited paper [1], but was left undiscussed until
recently. In 2011, the group of Wegrowe et al. published a paper [2] introducing a variation of the LLG equation
with a physically correct inertial tensor and where, indeed, nutation could be described. It was immediately
obvious that the detection of such nutation required performing experiments at frequencies above the typical
gigahertz range of ferromagnetic resonance. With the recent development of intense terahertz sources, the time was
ripe to attempt the experimental detection. We succeeded in such endeavor both at the TELBE facility [3] as well
as in table-top experiments [4], revealing many details that the phenomenological theory had left out. Finally,
recent experiments performed at cryogenic temperature suggest that nutation is just one of the many consequences
of a non-Markovian behavior (i.e. the presence of “memory effects”) of spins in ferromagnets [5]. | will show
some unpublished data which confirms the predictions of the non-Markovian description of the phenomenon.

H gy

ladl 33 Fig. 1l.Left: Schematic representation of inertial spin dynamics in
> ~—~ . ferromagnets, showing a damped nutation on top of a damped precession.

e = Adapted from Ref. [3]. Right: Schematic mechanism of the dynamical
! . ~* multiferroicity effect: a circularly polarized terahertz pulse, resonant with

an infrared-active phonon mode in the material, induces a circular motion of
the ions in the material. Such circular motion induces a magnetic moment.

In the second part of the talk, I will present our recent results [6] on the observation of a large magnetization
induced in an archetypal dielectric perovskite, strontium titanate, by means of strong, circularly polarized terahertz
electric fields. The results confirm the existence of dynamical multiferroicity, i.e. of the induction of a
magnetization following a time-varying polarization in a materials owing to a large phonon displacement,
predicted in a recent paper [7]. However, our experiments show that the effect is four orders of magnitude larger
than what the theory predicts, revealing that the induced magnetization is of the order of the electronic Bohr
magneton, and not the nuclear one. Our results suggest that the mechanical angular momentum is efficiently
transferred from the phononic to the electronic system, thus boosting the magnetic angular momentum by a factor
similar to the ratio of the nuclei to electron masses. Our results have soon been reproduced by independent groups
in several other material systems [8], and much theoretical effort has been put into towards understanding the
microscopic mechanisms for such enhancement [9]. Such induced magnetization is large enough to cause
switching of ferrimagnetic metals used in data storage [10], and opens up for creating large magnetization in
virtually any materials, in particular insulating ones, which occur very rarely in nature.
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Ultrafast electronic structure engineering in 1T-TasS,.

Effects of chemical doping and the amplitude mode

J. Jayabalan®, J. Chen?, L. Patzold®, F. Petocchi®, F. K. Diekmann®, N, Najafianpour?, P. Zhou*, W. Schnelle®
G.-R. Siemann’, P. Hofmann’, K. RoBnagel®, T. Wehling®, M. Eckstein®, P. Werner?
U. Bovensiepen®
'Universitat Duisburg-Essen, 47048 Duisburg, Germany
2University of Friboura, 1700 Fribourg, Switzerland
*Universitat Hamburg, 20355 Hamburg, Germany
*University of Geneva, 1211 Geneva, Switzerland
*Christian-Albrechts-Universitat zu Kiel, 24098 Kiel, Germany
® Max Planck Institute for Chemical Physics of Solids, 01187 Dresden, Germany
"Aarhus University, 8000 Aarhus C, Denmark
8 Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany

In strongly correlated transition metal dichalcogenides, an intricate interplay of polaronic distortions,
stacking arrangement, and electronic correlations determines the nature of the insulating state [1,2].
Here, we study the response of the electronic structure to optical excitations to reveal the effect of
electron doping in 1T-Tau-»MoyS; on this complex interplay. Transient changes in pristine and electron-
doped 1T-TaS, are measured by femtosecond time-resolved photoelectron spectroscopy and compared
to theoretical modeling based on non-equilibrium dynamical mean-field theory and density functional
theory, see Fig. 1. The fine changes in the oscillatory signal of the charge density wave amplitude mode
indicate phase-dependent modifications in the Coulomb interaction and the hopping for the parent
compound, see Fig. 1 (a-d). A detailed comparison of experiment and theory, reported in [3], shows that
the experimental observation for the parent compound requires to consider coexisting mono- and
bilayers on the surface probed by photoemission. The strong changes observed in the experiment for the
dope(g gompound indicate a dominant monolayer contribution, see Fig. 1 (e-h).
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Fig. 1. False color representation of the calculated (a-c, e-g) transient spectral changes for the monolayer at
the surface #1, the 1% bilayer #2 3, and the 2™ bilayer #4 5, respectively. Panels (d,h) show the spectral changes
observed in photoemission at hv=6eV . Top and bottom panels contain x = 0 and 0.02, respectively. Figure is
reproduced from Ref. 3.

Our work demonstrates how the combination of time-resolved spectroscopy and advanced theoretical
modeling provides insights into the physics of correlated transition metal dichalcogenides. Our analysis
of dynamic changes of the electronic structure combined with electronic structure engineering through
chemical doping sheds light onto the fundamental electronic interactions governing complex materials
with considerable potential for future analysis.
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Detecting new quasi-particles in 2D materials
K.S. Burch
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In materials, new quasi-particles can emerge as collective excitations of ordered states. Detecting these
modes and their associated properties is an essential step to understanding how the properties of
materials combine to create these new phases. | will discuss why 2D materials are particularly promising
in this regard and then explain why Raman is the perfect tool for this effort. I will demonstrate how we
have detected fractional excitations in the 2D magnet RuCls, and then focus on our discovery of a new
Higgs Boson from a charge density wave. These modes were always scalar, or just massive particles. |
will discuss our discovery an unconventional axial Higgs mode of the charge density wave in the
GdTe3. The Axial Higgs mode is revealed using the interference of excitation quantum pathways in
Raman scattering.
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Fig. 1. Left :Quantum interference revealing the axial
higgs in Raman [1] Right: a) The temperature and energy
dependence of Raman from fractional, fermionic particles
in RuCl; versus the trivial bosonic response of a standard
2d magnet (Cr,Ge,Teg)[2].
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I will also show direct evidence that this results from a previously hidden orbital order in the system,
likely due to the unique quantum geometry combined with the CDW. Time permitting | will discuss our
efforts to combine Raman and quantum optics to better probe correlations and entanglement in these
systems [1, 2].
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Light-induced Lifshitz transition in High Tc

Superconductor B|28r2CaCu%08+5
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One of the strengths of out-of-equilibrium processes lies in their ability to generate long-lived states
with lifetimes exceeding the inverse of the laser system's repetition rate. These states are particularly
intriguing due to the presence of long-lived quasiparticles, which enable the emergence of distinctive
electronic states that cannot be reached through thermodynamic equilibrium. Commonly described as
hidden phases or new states of matter, these phenomena are characterized by photostationary signals
observed in steady-state spectra. In this work, we present the observation of a photostationary state in
high Tc superconductor cuprates (Bi2212) and its significant influence on the Fermi surface topology.
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Fig. 1. Ultrafast photodoping of Bi2212 by
1.6 eV pulses, promoting a Lifshitz transition
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We demonstrate a light-induced metastable Lifshitz transition, enabled by effective photodoping. This
photodoping is attributed to cooperative mechanisms, including charge transfer excitations and the
renormalization of effective electronic correlations. These findings offer new insights into previously
inaccessible electronic states in cuprates, opening promising pathways for further research in
photostationary states and hidden phases in strongly correlated system.
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Pump-probe experiments performed on K3;Cgo have unveiled both optical and transport signatures of
metastable photoinduced superconductivity up to room temperature, far above T, [1, 2, 3, 4]. Recent
experiments have uncovered that excitation in the vicinity of 50 meV enables the observation of high
temperature photoinduced superconductivity at significantly lower fluences [3]. Inspired by the
microscopic insight that such a discovery enables, we develop a mechanism which can explain such a
giant resonant enhancement of photoinduced superconductivity. First, within a minimal non-linear
Holstein model, we show that resonantly driving optical Raman modes leads to a time-dependent
electron-phonon coupling. Such a coupling then modulates the effective electron-electron attraction,
with the strongest modulations occurring when the drive is resonant with the phonon frequency. As
shown in Fig.1, dynamical modulations of the pairing interactions lead to Floquet-BCS instabilities [5]
at temperatures far exceeding equilibrium T, as observed in experiments.
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Fig 1. Non - equilibrium critical temperature as a function of
frequency exemplifying a giant resonant enhancement in the vicinity
of the phonon resonance, evaluated as a function of the phonon Q-factor

We conclude by discussing the implications of our general analysis on the K3Cgo experiments
specifically, suggesting not only experimental signatures of our mechanism but also features whose
plausibility can be verified using ab initio methods.
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The coherent control of lattice vibrations via ultrafast light-matter interactions has opened powerful
avenues for manipulating quantum materials far from equilibrium. Among the most promising
developments is the emerging field of chiral phononics, where circularly polarized phonon modes carry
well-defined angular momentum that couples to spin, orbital, and valley degrees of freedom [1-3].
These chiral vibrations can be selectively excited by circularly polarized light, acting as microscopic
sources of dynamical magnetic fields on the tesla scale [4-10]. This capability has led to growing
recognition that phonons are not merely passive carriers of heat but can serve as active agents in
modifying magnetic order on ultrafast timescales. In particular, the angular momentum of chiral
phonons can couple to spin systems in magnetic materials through interactions that are both strong and
symmetry-dependent [11,12]. Recent theoretical and experimental advances demonstrate that phonon
angular momentum can influence magnetization, induce nonthermal switching, and even generate
quasistatic magnetic moments in nominally nonmagnetic or antiferromagnetic materials [13,14]. These
findings suggest that lattice-driven spin dynamics may offer a low-dissipation, high-speed alternative to
conventional electronic control mechanisms. In this work, we present theoretical predictions of two
related mechanisms by which coherently driven chiral phonons can induce and control magnetization in
different classes of magnetic materials:1. Nonlinear magnonic rectification: light-induced quasistatic
magnetization. We introduce a fundamental process whereby an oscillating spin precession is rectified
into a quasistatic magnetization component via nonlinear coupling with driven magnon modes in
antiferromagnetic materials. Specifically, the coherent excitation of infrared-active chiral phonon modes
transiently cants spins, generating an effective magnetic field that rectifies spin dynamics. This
mechanism—termed nonlinear magnonic rectification—is broadly applicable across antiferromagnets
hosting chiral phonon modes. It enables light-induced weak ferromagnetism and the creation of
dynamic, nonequilibrium spin textures inaccessible under equilibrium conditions. 2. Phonon-induced
magnetization reversal in two-dimensional ferromagnets. Extending the concept of magnonic
rectification to ferromagnets, we demonstrate that phonon-driven effective magnetic fields can drive
permanent magnetization reversal. Focusing on two-dimensional chromium-based ferromagnets such as
Crls, CrGeTes, and CrCls, we investigate reversal pathways mediated by damping-induced switching
and precessional dynamics.

Fig. 1 Phonon-Driven Magnetization Rectification and
(a) - (b) Reversal.(a) Magnonic rectification by chiral phonons. Time
evolution of the two orthogonal components of a laser-excited
; j A chiral phonon mode, @, (t) and Q,(t), and the corresponding
l | ] average magnetization component (m(t)) of a coupled
magnon mode. The transient tilting of the spin precession axis
results in a light-induced canted antiferromagnetic state and
\b the emergence of a quasistatic magnetization. (b) Phonon-
=l = /e =M induced magnetization reversal. In layered ferromagnetic
crystals, applying the pulsed effective magnetic field of a
chiral phonon mode perpendicular to the initial magnetization
enables precessional switching. This mechanism may drive
robust, ultrafast reversal of magnetization.
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Our results show that circularly polarized phonon driving can achieve robust, ultrafast magnetization
reversal within nanoseconds, offering a purely phononic route to nonthermal magnetic control.
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Indirect excitons in heterostructures
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Spatially indirect excitons (IXs), also known as interlayer excitons, are formed by electrons and holes
confined in separated layers in a semiconductor heterostructure (HS). IX lifetimes are orders of magnitude
longer than lifetimes of spatially direct excitons (DXs). Due to their long lifetimes, 1Xs can thermalize below
the temperature of quantum degeneracy that gives an opportunity to create quantum excitonic states. We
present recent results in quantum 1X systems: the Cooper-pair-like excitons [1] and the excitonic Bose
polarons [2,3] in GaAs/AlGaAs HS and the long-range 1X transport [4] and the 1X mediated long-range spin
transport [5] in MoSe,/WSe, HS. The Cooper-pair-like excitons [1]. In neutral dense electron-hole systems
at low temperatures, theory predicted Cooper-pair-like excitons at the Fermi edge. Optical excitations create
electron-hole systems with the density controlled via the excitation power. The separation of electron and
hole layers enables the realization of a dense and cold electron-hole system. We found a strong enhancement
of photoluminescence (PL) intensity at the Fermi edge of the neutral dense ultracold electron-hole system
that demonstrates the emergence of Cooper-pair-like excitons at the Fermi edge. We found a crossover from
the hydrogen-like excitons to the Cooper-pair-like excitons with increasing density, consistent with the
theoretical prediction of a smooth transition.  The excitonic Bose-polarons [2,3]. Bose polarons are mobile
impurities dressed by excitations of a surrounding degenerate Bose gas. We found that Bose polarons are
formed by DXs immersed in Bose gases of IXs in electron-hole bilayers. We detected both attractive and
repulsive Bose polarons and observed an enhancement of the energy splitting between attractive and
repulsive Bose polarons with increasing IX density, in agreement with our theoretical calculations [2]. We
found the Mott transition and measured the Mott transition parameter ny*?ag (nw is the density of the Mott
transition, ag the Bohr radius of the pair) in 2D excitonic Bose polarons [3]. For the Mott transition in
polarons, the polaron states vanish with increasing density of the surrounding gas.

Fig. 1. a. Energy band diagram of a heterostructure (HS) with separated
¢ electron and hole layers. Indirect excitons (IXs), also known as
interlayer excitons, are formed by electrons and holes confined in
| separated layers. Direct excitons (DXs) are formed by electrons and holes
104 confined in the same layer. b. The IX transport 1/e decay distance dy vs.
i temperature in MoSe,/WSe, HS. The data with the fit indicating diverging
dye are presented by points on the edge. The IX Iong—range transport
vanishes above ~ 10 K [4]. c. The 1/e decay distance d"y, of IX mediated
spin density transport vs. temperature in MoSe,/WSe, HS. The data with
the fit indicating diverging d*y. are presented by points on the edge. The
IX mediated long-range spin transport vanishes above ~ 10 K [5].
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The long-range IX transport in TMD HS [4]. Van der Waals HS composed of atomically thin layers of
transition-metal dichalcogenides (TMD) offer the opportunity to explore 1Xs in moiré superlattices.
Diffusive IX transport in TMD HS is characterized by 1/e decay distances up to ~ 4 um, as measured in
earlier studies. We found the 1X long-range transport with 1/e decay distances reaching and exceeding 100
um in a MoSe,/WSe; HS. The 1X long-range transport vanishes at temperatures above ~ 10 K (Fig. 1b). The
IX transport is in qualitative agreement with the Bose-Hubbard theory prediction for superfluid and
insulating phases in periodic potentials of moiré superlattices. We measured transport kinetics of 1Xs in
MoSe,/WSe, HS in the regime of the IX long-range transport. The IX mediated long-range spin transport in
TMD HS [5]. The spin relaxation caused by scattering of the particles carrying the spin, limits the spin
transport. Diffusive IX mediated spin transport in TMD HS is characterized by 1/e decay distances up to ~ 4
um, as measured in earlier studies. Due to the coupling of the spin and valley indices in TMD HS, the spin
transport is coupled to the valley transport, therefore, for simplicity, we use the term ’spin’ also for ’spin-
valley’. We found the IX mediated long-distance spin transport with the decay distances reaching and
exceeding 100 um (Fig. 1c). The emergence of long-distance spin transport is observed at the densities and
temperatures where the IX transport decay distances and, in turn, scattering times are strongly enhanced. The
suppression of 1X scattering suppresses the spin relaxation and enables long-distance spin transport. This
mechanism of protection against spin relaxation makes 1Xs a platform for the realization of long-distance
decay-less spin transport.
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Rabi splitting is a fundamental concept in light matter interaction. It occurs if photons interact intensely
enough with electronic transitions and form new quantum states. In model two-level systems the
absorption spectrum splits into (two) different bands, an effect sometimes amongst others referred to as
to as Autler-Townes effect, Stark splitting or Rabi splitting. The magnitude of the splitting depends on
the magnitude of the transition dipole moment and strength of the external driving field. This
phenomenon was first observed in gas molecules. It is more challenging to observe in condensed matter
due to its immanent many-body nature. Intrinsic effects like carrier-carrier scattering or structural strain
as well as defects and impurities render the observation of Rabi splitting challenging. We examine Rabi
splitting under cryogenic conditions in prototypical two-dimensional structures: a TMDC monolayers
and (Ga,In)As quantum wells. We compare exciton binding energies, to the Rabi energies in these
systems and apply a microscopic many-body theory to identify the underlying mechanisms. The TMDC
monolayer has exciton binding energies much larger than its Rabi energy. In contrast, the exciton and
Rabi energies in quantum wells are about comparable. The experimental setup uses a 850 fs pump
pulses paired with a short, broad-spectrum white-light supercontinuum probe, which enables detailed
observations of the dynamics. We capture the complete temporal evolution of excitonic resonances by
varying the delay between pump and probe pulses. Fig.1 shows exemplary experimental data (left) and
the results from a corresponding microscopic calculation.
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The theoretical model utilizes the exciton Bloch equations of motion, accounting for optical field-
induced blocking, Coulomb-mediated dephasing related to excitation, excitation-induced energy shifts,
incoherent population formation due to optical interactions, and exciton-phonon coupling [3].We
identify three distinct experimental features corresponding to different ratios of Rabi energy to exciton
binding energy, explicated by our microscopic theory: Rabi oscillations, coherent gain, and spectral
shifts and splitting. In the quantum wells (QWSs), the Rabi to exciton binding energy ratio is
approximately 101, which is significantly larger compared to a 1073 ratio in the transition metal
dichalcogenide (TMDC) samples. Consequently, Coulomb many-body effects dominate the TMDC
features, whereas light-matter interactions predominantly influence the QW characteristics. In
(Ga,In)As QWs, the observed Rabi oscillations are attributed to changes in coherent and incoherent
exciton densities, driven by Coulomb-enhanced blocking and the formation of incoherent exciton
populations. The monolayer MoSe,, on the other hand, lacks temporal Rabi oscillations due to the
presence of spin-unlike biexcitons and transitions from excitons to biexcitons, which accelerate
coherence decay. Our findings conclude that (Ga,In)As MQWs behave like a modified two-level system
due to their relatively weak Coulomb interactions, while monolayer MoSe; displays sublinear splitting
behavior attributable to spin-unlike exciton-to-biexciton transitions. This underscores the pronounced
influence of Coulomb correlations on the optical properties of these materials. The observed narrowing
of linewidths associated with splitting peaks further substantiates these interpretations.

fime {ps)
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Probe of topological materials using terahertz emission spectroscopy
E. E. M. Chia
Nanyang Technological University, Singapore 637371, Singapore

In this talk I will explain how terahertz (THz) emission spectroscopy has been used as a probe of the
interesting properties of some topological materials. In the ferromagnetic (FM)/topological insulator (T1)
bilayer Co/Bi,Ses, we observe a giant THz emission that is predominantly spin-mediated and dominated
by the topological surface states, and identify a 0.12-picosecond timescale that sets a technological
speed limit of spin-to-charge conversion processes in TlIs [1]. Replacing Bi,Se; by a monolayer
semiconductor MoS,, in Co/MoS,, we demonstrate a giant spin injection from a ferromagnet into a
semiconductor that is orders of magnitude larger than state-of-the-art, that is a consequence of the
strongly out-of-equilibrium character of the injected spins, thus overcoming the crippling problem of
impedance mismatch [2]. A follow-up question is: can this spintronic THz emitter architecture be
integrated with silicon? Our data shows the formation of silicide layer at the Co/Si interface that also
shows large spin-to-charge conversion [3]. In thin polycrystalline films of the centrosymmetric Dirac
semimetal PtSe,, we observe a giant and highly tunable THz emission that is rapidly turned on at
oblique incidence, locked to both the in-plane photon momentum and polarization state of the incident
pump beam, and whose polarization-state-locked THz emission is strong evidence of the central role
played by quantum geometry [4].A follow-up question is: can we tune the THz emission of this (or
similar) Dirac semimetal, by electrical means, via the control its quantum geometry? The answer is yes.
We first demonstrate piezoelectric strain control of THz emission in the simpler PMN-PT/NiFe/Pt stack

[5].
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Fig. 1 (A) Schematic of the setup for measurement and generation of THz radiation. (B) Schematic of the artificial
multiferroic spintronic emitter with piezoelectric strain control [6].

THz pulse

Moving on to PMN-PT/NiFe/PtTe,, we electrically modulate the Fermi level and Berry curvature,
thereby controlling its spin Hall conductivity and yielded a 20% modulation of the THz emission
amplitude,performed under a constant magnetic field without field cycling-permanent magnetization [6].

References

[1] X.Wang, L. Cheng, D. Zhu, Y. Wu, M. Chen, Y.Wang, D. Zhao, C.B. Boothroyd, Y.M. Lam, J.-X. Zhu, M. Battiato, J. C. W. Song, H. Yang
E. E. M. Chia, Advanced Materials 30, 1802356 (2018).

[2] L. Cheng, X. Wang, W. Yang, J. Chai, M. Yang, M. Chen, Y.Wu, X. Chen, D. Chi, K.E. Johnson Goh, J.-X. Zhu, H. Sun, S. Wang, J. C.W. Song
M. Battiato, H. Yang, E. E. M. Chia, Nature Physics 15, 347 (2019).

[3] J. Liu, Y. Yang, K. Lee, R. Sharma, H. Yang, M. Battiato, E. E. M. Chia. Physical Review Applied 18, 034056 (2022).

[4] L. Cheng, Y. Xiong, L.Kang, Q.Chang, M. Chen, J.Qi, H.Yang, Z. Liu, J.C.W. Song, E. E. M. Chia, Science Advances 9, eadd7856 (2023).

[5] A. Chaurasiya, Z.Li, R. Medwal, S.Gupta, J R.Mohan, Y.Fukuma, H.Asada, E.E.M.Chia, R.S.Rawat, Advanced Optical Materials 10
2201929 (2022).

[6] Z. Li, D.Yang, F.Wang, Y.Yang, Y.Guo, D.Bao, T.Yin, C.S. Tang, T.Salim, L. Xi, C. Boothroyd, Y. M. Lam, B. Peng, M. Battiato, H. Yang
E. E. M. Chia. Nano Letters (under review).



33

On the light-induced rotated CDW phase in Tri-telluride compounds
F. Cilento
Elettra — Sincrotrone Trieste, 34149 Trieste, Italy

The RTes (R=rare earth) tri-tellurides charge-density-wave materials display a rich phenomenology of
charge-density wave (CDW) states, governed by the small (=0.3%) anisotropy of the in-plane lattice
constants [1]. All RTes systems display at least one (high-temperature) unidirectional CDW state,
aligned along the in-plane ¢ axis. Surprisingly, recent experiments showed that an orthogonal (rotated)
CDW state, aligned along the in-plane a axis, can be light-induced in some family members [2,3].
Importantly, this rotated CDW state differs from the equilibrium low-temperature a-axis CDW state. On
a complementary side, very recently it has been proved that the 1D CDW can rotate after the application
of suitable strain, that reverses the relative magnitude of the in-plane a & c lattice constants [4,5]. Here |
will report on the results from polarization-resolved broadband time resolved optical spectroscopy (TR-
OS) experiments performed on the compound LaTes, that indicate the formation of a light-induced
symmetry breaking CDW state. Thanks to the high time-resolution of TR-OS experiments, as compared
to that presently attainable in time-resolved UED (Ultrafast Electron Diffraction) experiments [2], the
early stages of formation of this light induced transient CDW state could be disclosed. Moreover, the
amplitude mode of the light-induced rotated CDW state has been measured for the first time. The results
from polarized TR-OS, as reported in Fig. 1 [6], show that the time-resolved signal along the a & ¢
crystal axes display markedly different decay times, although the coherent response associated to the
AM of the CDW shows the same frequency.
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Fig. 1. Time-Resolved Reflectivity on LaTe; performed at T=300 K. Curves at four fluences are shown, with
F1<F2<F3<F4. The 4R/R signal has been acquired on both in-plane crystal axes, a and c. The signal is very
similar along the two directions at low fluence, showing clearly the excitation of the AM at =~2.2 THz. Upon
increasing the fluence, the signal starts to become different along the two axes, and displays markedly different
relaxation timescales, much slower for the a-axis.

We also used TR-XPS as a complementary probe to study the precursor states of the rotated CDW
phase, and propose, as a possible origin of this state, an anisotropic lattice expansion. In conclusion, our
experiments disclose a complex phenomenology of the rotated CDW phase in RTe; compounds, where a
well-formed transient CDW state emerges after photoexcitation. Future experiments will aim at
extending this protocol to several RTe; family members, in order to disclose the phase-diagram of the
light-induced rotated CDW state. Moreover, a key tool to reveal the microscopic origin of the rotated
CDW phase will be the application of uniaxial strain, to tune selectively the ratio among the a & c lattice
constants and verify to what extent the rotated CDW state can be achieved.
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Ultrafast modulation of proximity-enhanced functionalities in

Hybrid nano-scale systems
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In the pursuit of advancing quantum information and communication technology (qICT) through smaller
and faster components, a key research focus is the development of quantum- based devices with new,
actively controllable functionalities. In this work, we present a novel strategy for modulating the
magnetic properties of materials by harnessing proximity effects that can be dynamically controlled
using light. Our results demonstrates that not only the modulation is strong but also localized at the
nanoscale, as it originates from complex quantum behaviors. Moreover, we propose that the underlying
physics is universal, potentially allowing for the optical tuning of any proximity-induced physical
property, beyond just magnetic ones. We demonstrate this universal concept using hybrid nanoscale
systems composed of molecules in close proximity to metallic ferromagnetic surfaces, where proximity
effects are extremely strong. In particular, we have chosen the metallic ferromagnet cobalt interfaced
with C60 molecules as model system [1,2], schematically depicted in Fig. 1.

Fig. 1. Schematic representation of the cobalt/C60 system used in our experiments to
demonstrate the possibility of optically tuning proximity-enhanced magnetic
properties.

Our findings show that by inducing excitons in C60 molecules with resonant ultrashort light pulses [3],
we can significantly modify the interaction between a thin cobalt film and the C60 molecules deposited
on it. This results in a substantial 60% change in the spin precession frequency, detected in a specifically
designed time-resolved magneto-optical Kerr effect (trMOKE) experiment [4]. This physical observable
is linked to the anisotropy field—an essential parameter for technological applications, demonstrating
that light can be used as an active stimulus for tuning magnetic properties at the nanoscale.
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Temperature dependence of conductivity and mobility and
Electron-phonon coupling strength in graphene determined from

Electron relaxation rates
I. Chatzakis, S. Sharma
Texas Tech University, 79409 Lubbock, Texas U.S.A

We report the determination of the electron-phonon coupling strength extracted from the relaxation rates
of the electrons’ energy using ultrafast pump-probe spectroscopy. The energy transferred from electrons
to the lattice depends on the coupling strength between the two subsystems and the temperatures of
electrons and lattice, as described by the Two-Temperature Model. Allen’s theory related the relaxation
time to electronic temperature T, and the coupling strength A{w™) (the second moment of the Eliashberg
function). We found that the dimensionless parameter A= (1.36 + 0.13) x 1072, which agrees with
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Fig. 1. Left : The excitation scheme. The green arrow
depicts a forbitten transition due to the Pauli principle as
the THz photon energy is lower hwry, < 2Er; Right: The
relaxation time extracted from the fit of the transient
transmission plotted as a function of the maximum pump-
induced temperature of electrons (submitted Chatzakis
et.al., APL 2025).

previous studies [1], and the deformation potential of the Eq phonon mode 6.4 eV /A , which is

consistent with the value obtained in previous works [2,3,4].

References

[1] E. Pomarico, M. Mitrano, H. Bromberger, M. A Sentef, A. Al-Temimy, C. Coletti, A.Stéhr, S.Link, U. Starke, C.Cacho, R. Chapman
E. Springate, A. Cavalleri, I. Gierz, Physical Review B 95, 024304 (2017).

[2] A. H. Castro Neto, F. Guinea, Physical Review B 75, 045404 (2007).

[3] M. Lazzeri, S. Piscanec, F. Mauri, A.C. Ferrari, J. Robertson, Physical Review 73, 155426 (2006).

[4] S. Pisana, M. Lazzeri, C. Casiraghi, K.S. Novoselov, A.K. Geim, A.C. Ferrari, F. Mauri, Nature Materials 6, 198 (2007).

Probing light and matter dynamics with ultrafast

Transmission electron microscopy
L. Ciorciaro, J. Kuttruff, D. Kazenwadel, J. Holder, M. Mattes, N. Neathery, P. Baum
Universitat Konstanz, 78457 Konstanz, Germany

Technological advances in the generation of ultrashort laser pulses have pushed the limit of the
experimentally achievable temporal resolution to ever-smaller time scales. These improvements have
been initially transferred to electron beams in the form of ultrafast electron diffraction, where optical
excitation pulses are combined with a spatially extended pulsed electron-beam probe. Such experiments
have been used, among other things, to study structural dynamics in solids [1]. In ultrafast transmission
electron microscopy (UTEM), we bring together the temporal resolution of optical systems and the
spatial resolution of a fully-fledged electron microscope, resulting in a device capable of measuring
dynamics on attosecond time and nanometer length scales. Due to the versatility of the electron
microscope, a variety of systems can be studied, ranging for example from magnetization dynamics and
structural transitions in solids to the propagation of electromagnetic modes in nanostructured devices.In
this talk, 1 will give an overview of selected research topics in our group. In the first part, 1 will review
the interactions of electron beams with terahertz and optical fields and the different techniques employed
in ultrafast electron microscopy that make use of these interactions. | will show how terahertz pulses are
used to compress electron pulses to < 20 fs duration and as a diagnostic tool in optical streaking [Fig.
1a)] [2-4]. | will explain how electron pulse trains generated by an optical field are used to image
surface plasmon-polaritons propagating in a nanostructure [Fig. 1b)] [5].

a)
054 14 mrad!ps / 1arb u)
] ; <100 fs
05

I I T |

Fig. 1: a) Measurement of the electron pulse
duration via THz streaking [4]. The electron
beam is deflected by the electric field of a
THz pulse. The slope of the trace serves as
calibration to calculate the electron pulse
duration from its angular width on the
detector. b) Energy-filtered attosecond TEM
image showing the instantaneous
longitudinal electric field of the surface
plasmon-polariton on a tungsten needle. [5]
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In the second part, | will show examples of experiments on the ultrafast dynamics in solid state systems
and finally discuss our recent results on selected topics [6].
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Quantum-geometric and cavity quantum-electrodynamical approaches for
Controlling matter with light

o M. Claassen
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The coherent manipulation of macroscopic quantum systems with light is a frontier for accessing new
materials properties, ranging from the ultrafast control of quantum states with strong fields to harnessing
the strong-coupling regime of interacting electrons and photons confined in an optical cavity. In this
talk, I will provide a perspective on achieving and probing strong interactions of light and matter, with
potential applications ranging from steering electronic orders with ultrafast THz pulses to generating
entangled photon pair sources from cavity-confined quantum materials. | will first show that the low-
frequency optical conductivity in correlated metals generically acquires a quantum geometric
contribution that originates from the structure of Bloch wave functions at the Fermi surface, leading to
sharply enhanced THz absorption near a topological band inversion [1]. This effect arises from
integrating out Coulomb-scattering-assisted interband processes, demonstrating how quantum geometry
and electronic interactions can enrich Fermi liquid physics and unlock novel optical processes. | will
argue that such quantum geometric interactions of light and matter can enable the coupling of competing
electronic orders with ultrafast light pulses [2] and provide a route towards the strong coupling regime
for electrons and photons by placing materials inside optical cavities. | will then discuss how cavity-
photon-induced changes in materials can lead to pronounced antlbunchmg of light transmitted through
the cavity, observable via the second-order photon coherence g(®(t) that measures the statistical

correlation of photon pairs.
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Near a quantum critical point [3] or at ultrastrong coupling [4], such systems can realize a many-body
photon blockade regime, enabling the generation of single photons or Einstein-Podolsky-Rosen pairs via
leveraging strong matter fluctuations.
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Towards time-momentum-energy resolved

Electron diffraction and spectroscopy
R. Claude F.Barantani?, M. Puppin', B.Weaver®, C. Missaglia', T. LaGrange®, F. Carbone’
! Ecole Polytechmque Fédérale de Lausanne (EPFL) CH-1015 Lausanne, Switzerland
“The University of Texas at Austin, Austin, Texas 78712, USA
*Rutherford Appleton Laboratory, Harwell Campus, Didcot OX11 0QX, UK

In condensed matter systems, the interplay between lattice, electronic, and spin degrees of freedom leads
to a diverse range of quantum phases. When considered as an ensemble, these particles can give rise to
collective modes such as phonons, plasmons, or magnons, which manifest as quasiparticles that carry
energy and momentum. Inelastic electron scattering provides a direct means to probe the population of
these modes with energy and momentum resolution. When combined with time-resolved techniques, this
approach enables measurement of the coupling strength between particles and quasiparticles. Using
ultrafast electron diffraction (UED) with a high signal-to-noise ratio [1], we measured the phonon
population throughout reciprocal space, integrated over energy. In contrast, time- and momentum-
resolved electron energy loss spectroscopy (tr-g-EELS) allowed us to probe along a selected axis in
reciprocal space, while retaining energy resolution (see Fig. 1).
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Fig. 1. (A) UED setup with shot-to-shot
Sample acquisition method. (B) tr-g-EELS setup
where the slit selects the momentum
dispersion along the I' — M direction as
shown on the graphite diffraction pattern
in panel (C). (D) Snapshots of the
normalized diffraction pattern at selected
delays after photoexcitation. (E) Electron
energy loss spectra along the I' — M
direction revealing the @ and o+ 7
plasmons dispersion. The blue and red
arrows show the dynamics of the
plasmons after 3.1 and 155 eV
photoexcitation,  respectively.  Fig.1
adapted from [2]

o+

We combined both techniques to investigate the interaction between low- and high-energy collective
modes—phonons and plasmons, respectively—in graphite [2]. By photoexciting with two different
photon energies, we varied the initial dispersion of excited electrons, leading to distinct phonon
populations. Coupled to the electronic degrees of freedom, the resulting lattice dynamics modulate the
plasmon dispersion, as observed in the tr-q-EELS measurements. The combination of UED and tr-
gEELS paves the way for understanding the coupling between single-particle photoexcitation and, more
importantly, the subsequent interactions among collective modes that give rise to elusive quantum
phases of matter. We apply this approach to nearly optimally doped BSCCO-2212. Our preliminary
results reveal signatures of magnetic resonance, charge density waves, and phonon populations, all of
which exhibit distinct behavior between the strange metal and superconducting phases.

References

[1] R. Claude, M. Puppin, B. Weaver, P. Usai. T. La Granae, F. Carbone, arXiv:2502.02540 (2025).

[2] F. Barantani, R. Claude, F Barantani, R. Claude, F. lyikanat, I. Madan, A.A. Sapozhnik, M. Puppin, B. Weaver, T. LaGrange
F. J. Garcia de Abajo, F. Carbone, Science Advances 11, eadu1001 (2025).


https://scholar.google.com/citations?user=FcxWV_EAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=SUaa-BgAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=EtttBtcAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=Ifz0yk0AAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=uGYvzIsAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=hMdiGVEAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=dnO7V60AAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=FcxWV_EAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=WU4XxVcAAAAJ&hl=en&oi=sra

38

Coherent control of photoconductivity in graphene nanoribbons
H. P. Ojeda Collado, L. Broers, L. Mathey
Universitat Hamburg, 20148 Hamburg, Germany

Inspired by recent experimental demonstration of coherent control of electron dynamics in graphene [1,2],
we study the photoconductivity response of graphene nanoribbons with armchair edges in the presence of
dissipation using a Lindblad—von Neumann master equation formalism [3,4,5]. We propose to control the
transport properties by illuminating the system with light that is linearly polarized along the finite direction
of the nanoribbon while probing along the extended direction. We demonstrate that the largest steady-state
photocurrent occurs for a driving frequency that is slightly blue detuned to the electronic band gap
proportional to the width of the nanoribbon (Fig.1 left). We compare the photoconductivity in the presence
of coherent and incoherent light and conclude that the enhancement of the photoconductivity for blue-
detuned driving relies on the coherence of the driving term. Based on this result, we propose a switching
protocol for fast control of the photocurrent on a timescale of a few picoseconds.

ly“ Fig.1. Left:steady-state longitudinal photoconductivity as a function of the
/ // driving frequency in units of the onductance quantum GQ = 2e4/h. Solid and

dashed lines correspond to the photoconductivity produced by coherent and
noisy drives, respectively. Red lines indicate photoconductivities that are

, ,/m evaluated by using the master equation formalism, whereas the black

lines correspond to a calculation using a semi-classical Boltzmann-like

z% 2 g i ~analysis. The vertical dashed line marks the electronic band gap. Right:

5 “ ‘% " transistor design, based on a heterostructure of a graphene nano-ribbon,
. : / an insulating  layer (transparent slab), and a layered high-Tc
sllex The / superconductor (ochre), from top to bottom. By means of a switching

;"/b ' voltage Vs, the high-Tc superconductor (HTSC) emits light in the THz range
/ that controls the current passing through the graphene nano-ribbon. The

latter is probed by applying a collector-emitter voltage Vce,

Furthermore, we suggest a design for a heterostructure of a graphene nano-ribbon and a high-Tc
superconductor that is operated as a transistor as a step towards next-generation coherent electronics.
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Optical control of coherent electronic currents in

Patterned graphene nanoribbons
R. H. Rustemeier, H. P. O. Collado, L. Mathey
Universitat Hamburg, 20148 Hamburg, Germany

Coherent electronics is a promising, emerging field that relies on the coherent excitation of electrons in
solids [1,2, 3]. To advance this field, we demonstrate a viable and versatile methodology of optically
controlling electronics, by addressing a key issue. In particular, the issue is that a curved band structure
makes the excitations momentum-dependent, which prevents coherence. We propose to flatten the band
structure of graphene nanoribbons by using periodically arranged control gates (Fig. 1).

Fig. 1. Segment of the armchair graphene nanoribbon with control gates [4]:
The nanoribbon has a hexagonal structure with an atom-atom distance of
1.42A. There is a one-dimensional superlattice with lattice constant
= 3/2(N — 1)a, imposed by the periodically arranged control gates (gray).
A zoom-in of the unit cell of the superlattice is shown in the dashed box. We use
the control gates to flatten the band structure enabling coherent control over the
electronic state of the nanoribbon and the photocurrent via laser pulses.

We demonstrate coherent optical control over the electronic states of the graphene nanoribbons paving the
way towards coherent electronic devices [4].
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High power electro-optlcal freguency combs in the mid-IR
A. Monzani®, P. PlancheliE. Freysz', J. Didierjean’, A. Bendahmane®, G. Santarelli*, E. Cormier’
Université Bordeaux, 33400 Talence, France
2Bloom Lasers, 33600 Pessac, France

The recent years have seen growing a sharp interest in sources providing sequences of ultrashort pulses
with extreme repetition rates at the GHz level. Beyond obvious telecommunication concerns, micro-
machining with NIR bursts of GHz pulses became a hot topic [1]. Converted to UV or DUV, such
sources are unavoidable tools in the context of X-band photo-injectors [2]. There is however very little
work reporting on GHz sources in the midIR where many applications are also requesting such systems
such as for instance pollutant detection or astronomical spectrograph calibration [3].

During the last decade, the group has developed a versatile technology based on electro-optic
modulation able to generate ps (0.8 to 2 ps) pulses at adjustable repetition rate between 1 and 18 GHz.
The systems implement Yb-doped fiber amplifiers and therefore allow to achieve very high power at the
wavelength of 1030 nm [4]. The advantage of operating at the Yb wavelength allows to easily convert
the temporal/spectral properties of the GHz electro-optical comb (EO-comb) to various spectral ranges
through non-linear processes. In particular, we were able to produce bursts of pulses in visible and DUV
by frequency doubling and quadrupling with a pulse repetition rate of 12 GHz [2]. Here, we report on a
transfer of the EO-comb towards longer wavelengths in the midIR. The architecture involves, here as
well, a non-linear process based on a second order susceptibility material. The midIR radiation is
generated via difference frequency generation (DFG) between the strong GHz pump source at 1 um and
a wavelength tunable continuous wave signal around 1.5 pm. As depicted on Fig. 1, it results in an idler
in the vicinity of 3 um.
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Fig.1.(Center )ps pump pulses at 15 GHz (left) and transient frequency comb at the idler wavelength around 3 um
Tunability around 3 pum for 2 different signal wavelengths (right).

The mid-IR central wavelength being adjusted by scanning the CW signal wavelength. Power scaling is
further achieved by additional non-linear stages only limited by the available pump power.
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Charge density waves fluctuations and collective modes in

Cuprates revealed by ultrashort X-ray probes
G. Coslovich
SLAC National Accelerator Laboratory, Menlo Park, California 94720, USA

Ultrashort X-ray pulses offer new opportunities to study charge fluctuations and collective modes in
materials exhibiting unconventional quantum states, such as high-temperature superconductivity. To
provide microscopic insight on charge fluctuations and excitations, a probe capable of studying their
natural length, energy and time scales is necessary. In this talk, I will present results on high temperature
superconductors obtained at the LCLS using ultrafast x-ray scattering techniques, including time-
resolved Resonant Inelastic X-ray Scattering (RIXS), Resonant Energy-integrated X-ray Scattering
(REXS) and X-ray Diffraction (XRD). These experiments build upon previous results from ultrafast
resonant soft x-ray scattering which allowed tracking the dynamical interaction between Charge Density
Waves (CDW) and superconductivity in YBa,Cu3Os.x (YBCO) [1]. In our more recent investigations at
LCLS, we focused on two problems: 1) uncovering CDW fluctuations via transient melting of quasi-
static CDW studied via ultrafast REXS, and 2) studying the coherent response of lattice distortions
associated with CDW via XRD. | will present results addressing both these topics. An exemplary result
from the latter study is shown in Fig.1 below. Here the CDW peak in YBCO is probed by scattering of
8.8 keV photons and it is shown in a false color scale as a function of time delay with an 800nm pump
pulse.

Delay time (ps)

0.64

Fig. 1. X-ray scattering
profile of the CDW
integrated along the H
direction and shown here
along the K direction in
reciprocal space and as a
function of delay time
with the 800nm pump
pulse  (fluence = 1
mJ/cm?) at 65 K. The
arrows indicate the time
points where the CDW
reappears in conjunction
with its amplitude
coherent oscillations.
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Following an initial drop in intensity at time overlap, we observe clear oscillations in the response,
directly uncovering the amplitude mode in YBCO. The period of oscillation is discernible directly in the
data with a frequency of the order of =~ 2.2 THz and can be compared to previously reported coherent
oscillations in the ultrafast optical response on this material [2,3]. We repeated such optical
measurements in the same YBCO sample as our LCLS experiment and in similar experimental
conditions (with both 800nm and THz pump) and concluded that the coherent oscillations observed
optically are distinct from the amplitude mode observed with the hard x-ray probe. Finally, 1 will present
very recent results from the qRIXS instruments enabling time-resolved RIXS experiments on solid state
samples at high repetition rates, using LCLS-Il. Results will include early studies on cuprate
superconductors using this new instrument at LCLS.
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Dynamic phase transition into a mixed-CDW state in 1T-TaS, via a

Thermal quench
A.delaTorre
Northeastern University, Boston, MA 02115, USA

Ultrafast light-matter interaction has emerged as a new mechanism to exert control over the macroscopic
properties of quantum materials toward novel functionality. To date, technological applications of non-
thermal phases are limited by their ultrashort lifetimes and low-ordering temperatures. The hidden
metallic charge density wave (H-CDW) in 1T-TaS; is among the most studied photoinduced metastable
phases because of its technological promise [1,2]. However, despite active study, the nature of the
photoinduced H-CDW remains the subject of debate and potential applications have been limited
because it has so far only been stabilized at cryogenic temperatures. Here, we stabilize the H-CDW
phase at thermal equilibrium by accessing a mixed CDW order regime via thermal quenching [3]. Using
x-ray high dynamic range reciprocal space mapping (HDRM) and scanning tunneling spectroscopy
(STS), we reveal the coexistence of commensurate (C) CDW and H-CDW domains up to 210 K..
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Fig. 1. a: Reciprocal space maps parallel to the [HKO] plane for an as-grown sample (left) and after a quench
(right). Red and blue markers highlight the C-CDW and H-CDW-like satellite peaks, respectively. Green dashed
lines highlight the a* and b* directions. b: Meanfield-only free energy functional for the two competing CDW
order

Our findings show that each order parameter breaks basal plane mirror symmetry with different chiral
orientations and induces out-of-plane unit cell tripling in the H-CDW phase. Despite metallic domain
walls and a finite density of states at zero bias observed via STS, bulk resistance remains insulating due
to CDW stacking disorder. By comparing our data to Landau-Ginzburg theory calculations of the free
energy functional, our study establishes the H-CDW as a thermally stable phase. It introduces a new
mechanism for switchable metallic behavior in thin flakes of 1T-TaS, and similar materials with
competing phases
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Dlsperswe dark exutons in van der Waals ferromagnet Crl;
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Excitons are central to understanding the optical properties of solids. While bright excitons have been
widely explored, their optically inactive counterparts—dark excitons—offer unique advantages for
quantum information technologies due to their extended lifetimes and magnetic tunability. In this work,
we report the observation of dark excitons in the ferromagnetic van der Waals material Crl; , utilizing
high-resolution resonant inelastic x-ray scattering (RIXS). We identify two distinct dark excitons near
1.7 eV, as shown in Fig. 1, exhibiting much narrower linewidths than the previously known bright
excitons, indicating long-lived quasiparticle behavior.We find that these dark excitons display
momentum-dependent dispersion with bandwidths on the order of 10 meV—comparable to the magnetic
exchange interactions in Crls—suggesting a strong coupling to the material’s ferromagnetic order. Their
intensities and energies show pronounced changes across the ferromagnetic transition temperature (T, =
61 K), further highlighting their sensitivity to magnetic order. Through detailed modeling using an

Anderson impurity model and exact diagonalization, we
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Fig. 1. Electronic character of
the dark excitons. (a) RIXS
intensity map as a function of
incident photon energy through
the Cr Lz resonance. (b) RIXS
calculations that reproduce the
energy and resonant profile of
the five lowest-energy excitons
in the material B1, B2, B3 are
the bright excitons and D1 and
D2 are the dark excitons. (c)
Calculated RIXS stick diagram
at the main resonant energy Eq.
(d),(e) Analysis of the ground
and excited states for the
calculated RIXS spectrum. (d)
Expectation value of the total
spin operator squared(SZ) (e)
Electron occupations of Cr 3d
(denoted by d) and ligand
(denoted by L) orbitals.

demonstrate that these excitons possess spin-flip character predominantly governed by Hund’s coupling,
and involve ligand orbitals due to a small charge-transfer energy. Our findings establish RIXS as a
powerful technique for probing dark excitons and their interactions with magnetism, and open new
avenues for magneto-optical applications in layered materials. We anticipate that our results will inform
future efforts to optically access and control dark excitons in Crlz and related systems.
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Spin dynamics and anisotropic spin Seebeck effect in

Low-dimensional materials
A. Delin
KTH Royal Institute of Technology,10691 Stockholm, Sweden

Magnons, i.e., quanta of spin waves, enable pure spin-current transport in magnetic insulators. The
application of magnon transport instead of electric charge transport offers intriguing and compelling
opportunities for low-energy consumption, nanoscale wavelengths, miniaturization, and wave-based
computing [1]. The dynamics of magnons are governed by the interactions between neighboring spins,
typically described by the predominant Heisenberg exchange couplings. Since the spin-spin interactions
hinge with the crystal symmetry, which determines the electronic hopping pathway, magnon transport is
also intrinsically connected to the crystal symmetry. A particularly interesting situation arises when vdW
magnets possess in-plane crystal anisotropy, i.e., the absence of in-plane rotation symmetries except for
C2, as recently reported for the antiferromagnet CrPS4, opening the door for anisotropic spin transport
under a thermal gradient and a magnetic field.
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Fig. 2. a) Magnon dispersion along the high-symmetry direction I-M-K-M"-K'-I". The dashed and solid lines |
ndicate eigenvalues from the J1-J3 and J1-J4 models, respectively. The acoustic (blue lines) and optical (red
lines) modes split in the energy scale. The eigenvalue spectrum in the Brillouin zone, is based on (b, ¢) the J1-J3

model, and (d, €). the J1-J4 model. f-h) The magnon group velocity spectrum in the Brillouin zone deduced
from the J1-J4 model.

In this talk, 1 will elaborate on how the anisotropic magnon dispersion contributes to longitudinal and
transverse magnon currents and how this in turn relates to various spin transport phenomena such as the
anisotropic spin Seebeck effect (ASSE), the thermal Hall effect-THE and the spin Nernst effect-SNE [2]
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Controlling light-driven correlated phases in complex oxides with

Atomic Iayer engineering
A. Disa
Cornell University, Ithaca, NY 14853 USA

Complex oxides exhibit a host of competing electronic, magnetic, and structural interactions, which lead
to emergent macroscopic phases with enormous technological potential such as high-temperature
superconductivity and multiferroicity. A variety of techniques, such as chemical doping and epitaxial
strain, have been utilized over the past decades to engineer these systems in equilibrium creating rich
phase diagrams with tunable ground states [1]. An alternative pathway to control correlated phases has
been to use excitation with optical pulses, which can dynamically induce non-equilibrium properties on
ultrafast time scales [2,3]. While many novel phenomena have been discovered through this approach —
including ferroelectricity, magnetism, superconductivity, and more — little is understood about whether
and how we can control the dynamic, non-equilibrium behavior of these systems through materials
engineering. Here, | will highlight our ongoing experiments combining tailored light pulses and
atomically layered oxide heterostructures, which demonstrate the ability to manipulate ultrafast charge,
spin, and structural dynamics and stabilize “hidden” non-equilibrium phases, which cannot be accessed
otherwise. First, | will discuss our studies of the optically driven phase transition in the prototypical
correlated oxide NdNiOs, which features coexistant metal-insulator, paramagnetic-antiferromagnetic,
and charge ordering transitions. Using time-resolved soft x-ray scattering and optical reflectivity, we
measure the ultrafast dynamics of these intertwined orders in NdNiO3 heterostructures with controlled
layer thickness, demonstrating that the interfacial reconstructions and dimensional confinement have a
drastic effect on the susceptibility and lifetimes of the electronic and phononic degrees of freedom. This
atomic layer engineering leads to a decoupling of charge and spin order, a suppression of the structural
phase transition, and the formation of a non-equilibrium metastable magnetic phase.
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Fig. 1. Engineering non-equilibrium phases in atomically layered heterostructures. (a) Scanning transmission
electron micrograph of NdNiO; heterostructures. (b) Schematic of the reconstruction of magnetism, charge
order, orbital configuration, and structure due to confinement and interfacial reconstructions. (c) Time-resolved
resonant soft x-ray scattering measuring the change in antiferromagnetic order after optical excitation for different
layer thicknesses.

I will also show how we are extending this methodology to engineer a new room-temperature
ferroelectric-ferromagnet with strong magnetoelectric coupling. This work sets the stage for the
development of a new paradigm for “non-equilibrium materials design” for next-generation quantum
and ultrafast technologies.
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Pair-breaking features of Raman spectra

J. Dolgner?, S. Tian', T. Glier?, M. Riibhausen?, D. Manske®
! Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany
2 Universitat Hamburg, 20148 Hamburg, Germany

Due to their direct coupling with electromagnetic radiation pair-breaking or quasi particle (QP)
excitation features are ubiquitous in the spectroscopy of superconductors (SC). In contrast to the
conventional s-wave materials, QP features in gapless superconductors, e.g., high-T¢ superconductors
such as the cuprates, are broad and not gapped. Because of this, pair-breaking peaks provide a
background, which often dominates more interesting collective mode signals. As such, even when quasi-
particles are not the focus of investigation, a solid understanding of them is often necessary to be able to
disentangle the single particle channel from collective modes e.g. Higgs- , Bardasis-Schrieffer-, Legget-
and more exotic modes. We review the basic characteristics of pair-breaking features in s- and d-wave
materials, that is, their energies, symmetries and vertex corrections due to Coulomb screening.
Furthermore, we discuss a phenomenological fitting scheme of pair-breaking peaks in Raman spectra
based on a Fermi-surface harmonics expansion in the BCS model, which was introduced in [1] and
recently adapted in [2]
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Fig. 1. Comparison between NEARS data of Bi-2212 and BCS model calculations. (a) The experimental By,
electronic Raman susceptibility on the Stokes side (dash-dotted line) is extracted by parameterization and phonon
subtraction. The B,; PB Raman response is depicted diagrammatically in the upper part of panel. We find the
parameters y, = 0.1116 = 0.0003, n = 0.225 + 0.003, and Ay = 30.50 + 0.05 meV from the B4 fit  (green). (b) The
Ay PB Raman response is depicted diagrammatically with filled squares representing the Coulomb-screened
vertices. We keep n and A, from the By fit, and fit y1 and y, to the A4 experimental data (blue, y; = 0.117+0.001,

y, =0.054+0.001 with n = 0.225, Ao = 30.50 meV.). Adapted from [%].

We show how perturbatively accounting for particle-hole asymmetry in our adaption allows to model
both the A4 and B4 curves more accurately than in the past.
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Strong-field nano-optics
P.Dombi
HUN-REN Wigner Research Centre for Physics, 1121 Budapest, Hungary

An exciting non-perturbative regime of light-matter interactions is reached when the amplitude of the
external electromagnetic fields that are driving a material approach or exceed the field strengths that
bind the electrons inside the medium. In this strong-field regime, light-matter interactions depend on the
amplitude and phase of the field, rather than its intensity, as in more conventional perturbative nonlinear
optics. Traditionally, such strong-field interactions have intensely been investigated in atomic and
molecular systems and this resulted in the generation of high harmonic radiation and laid the
foundations for contemporary attosecond science. During the last decade, however, a new field of
research has emerged, the study of strong-field interactions in solid-state nanostructures [1]. By using
nanostructures, specifically those made out of metals, external electromagnetic fields can be localized on
length scales of just a few nanometers, resulting in greatly enhanced field amplitudes that can exceed
those of the external field by orders of magnitude in the vicinity of the nanostructures. This not only
leads to dramatic enhancements of perturbative nonlinear optical effects but also significantly increases
photoelectron yields. In particular, | will review our recent results on ultrafast strong-field
photoemission from nanoplasmonic structures including the non-adiabatic tunneling of photoelectrons
[2] and photoelectron rescattering in the multi-photon-induced photoemission regime [3]. The carrier-
envelope phase (CEP) is a powerful knob to steer interactions of laser light with matter in the strong-
field regime, as evidenced by numerous studies of ultrafast electron dynamics in atomic, molecular and
solid-state media. Precise characterization of CEP or CEP changes in time or space is a key ingredient in
applying electric-field sensitive techniques to study and control ultrafast electron processes in matter.
Thus, characterizing and controlling CEP in space can support strong-field nanooptics experiments [1]
or PHz optoelectronics. | will also present a novel, on-chip scanning CEP probe that is capable of
measuring 3D CEP maps in the vicinity of a few-cycle laser beam focus for laser pulses having only
~pJ-nJ pulse energy without having to use vacuum equipment for this purpose [4]. The measurement
principle and some results are depicted in Fig. 1 from [5].
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I will also feature recent results on how to use dielectric-metal heterostructures to enhance CEP
dependent signal levels significantly. In addition, experiments on revealing the mechanisms of the
ultrafast current generation process will also be presented. We also demonstrate a method to sculpt the
CEP of few-cycle pulses in the vicinity of the focal volume. In addition, I will also review our recent
experimental results on our novel free space pump/plasmon probe experiments with which (in addition
to the investigation of hot electron dynamics), we could also realize an ultrafast nano-optical signal
switching scheme [6].

References

[1] P. Dombi, Z. Pépa, J. Vogelsang, S. V. Yalunin, M. Sivis, G. Herink, S. Schafer, P. Gro, C.Ropers, C. Lienau, Review of Modern Physics 92
025003 (2020).

[2] B. Lovasz. P.Séndor. G.-Z. Kiss. B. Banheavi. P. Racz. Z. Pépa. J. Budai. C. Prietl, J. R. Krenn, P.Dombi, Nano Letters 22, 2303 (2022).

[3] B Bénhegyi, G.Z Kiss, Z Papa, P .Sandor, L Téth, L Péter, P Ré&cz, P Dombi, Physical Review Letters 133, 033801 (2024).

[4] V. Hanus, V.Csajbok, Z. Papa, J.Budai, Z. Marton, G.Z.Kiss, P.Sandor, P.Paul, A. Szeghalmi, Z. Wang ,B. Bergues,M.F.Kling, G.Molnar, J. Volk
P. Dombi, Optica 8, 570 (2021).

[5] V. Hanus. B. Fehér. V. Csaibok. P. Sandor. Z. Papa, J. Budai, Z. Wang, P. Paul, A. Szeghalmi, P. Dombi, Nature Communications 14, 5068 (2023).

[6] P Séndor, B Lovasz, J Budai, Z Papa, P Dombi, Nano Letters 24, 8024 (2024).

*  Acknowledgements: We acknowledge support from the National Research, Development and Innovation Office of Hungary, grants KKP137373
and TKP2021-NVA-04.


https://scholar.google.com/citations?user=RNtNDPgAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=_DWT9TgAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=QKTr_tYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=zINK9XQAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=TFCuaMYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=CHmJ1E8AAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=3tLRpXcAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=zINK9XQAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=83pqUPYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=QKTr_tYAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=3tLRpXcAAAAJ&hl=en&oi=sra

47

Broadband phase-locked cw optical parametric oscillators
M. Ebrahim-Zadeh
ICFO-Institut de Ciencies Fotoniques, 08860 Castelldefels, Spain

A novel approach for frequency comb generation based on bulk degenerate ¥® OPOs presented. Driven
by a continuous-wave laser and using intracavity dispersion control, coherent broadband spectral output
with corresponding to transform-limited femtosecond pulses in the time domain is obtained. Optical
frequency combs have had a remarkable impact on photonics, paving the way for many new applications
from frequency metrology and spectroscopy to remote sensing and astronomy. The established
techniques for comb generation are based on the direct use of mode-locked femtosecond laser oscillators
such as Ti:sapphire and fiber lasers [1,2], their combination with photonic fibers [3], or the use of x @)
Kerr microcavities pumped by mode-locked or continuous-wave (cw) lasers [4]. These approaches have
resulted in tremendous advances in frequency combs, enabling remarkable progress in photonics.
Nevertheless, it remains the case that these techniques rely on relatively complex and costly
femtosecond lasers, or sophisticated fabrication methods for advanced microstructures. It would be
desirable to explore potential alternative approaches to frequency comb generation offering reduced
complexity and cost, increased flexibility, practical powers, and wider accessibility for continually
evolving applications. Optical parametric oscillators (OPOs) based on bulk y® nonlinear materials are
now widely established as flexible sources of tunable radiation across broad spectral regions from the
UV to mid-IR. Using ultrafast femtosecond laser oscillators, in combination with synchronous pumping,
femtosecond OPOs can provide broadband radiation in non-degenerate [5,6] or degenerate [7,8]
operation, offering another approach to comb generation. However, the need for a mode-locked pump
laser (to provide the input comb), together with synchronous pumping, similarly result in high
complexity and cost. Broadband generation can also be achieved using cw OPOs in singly resonant
oscillator (SRO) configuration by exploiting large parametric gain bandwidth [9] or cascaded x®
nonlinearity [10]. However, both these techniques are strictly limited to specific phase-matching
conditions and do not generally provide a coherent phase-locked output spectrum characteristic of a
frequency comb. An alternative approach to optical frequency comb generation is active phase
modulation based on y® cw OPOs in degenerate doubly resonant oscillator (DRO) configuration. This
technique has been previously demonstrated in MgO:LiNbO3z; pumped at 532 nm, generating an output
spectrum over a bandwidth of 20 nm (5.4 THz) centered at ~1064 nm [11]. In the time domain,
operation of such a degenerate phase-modulated cw OPO corresponds to mode-locked output pulses,
where using a degenerate cw OPO based on MgO:sPPLT pumped at 532 nm, we demonstrated the
generation of ~500 ps output pulses [12]. In a recent report, we further theoretically investigated the
process of spectral formation and pulse generation in degenerate cw OPO based on MgO:PPLN pumped
at 532 nm subjected to intracavity phase modulation [13]. Using an intracavity electro-optic modulator
synchronized to the free-spectral-range of the cavity, in combination with spectral filtering, we showed
that a stable, uniform, and periodic train of picosecond pulses of <5 ps with FWHM spectral bandwidth
of 0.4 THz could be generated (Fig. 1). Our simulations confirmed that the intracavity phase modulator
enables spectral broadening accompanled by uniform period pulse train formation at degeneracy.
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Fig. 1. (a) Modulation instability (M1) gain profile (gy;). The red curve corresponds to the spectral peak(for net
cavity detuning (d), while for positive detuning degeneracy is maintained, as shown by the single red line. The red
curve is well-matched with the gy, maxima. (b) Output spectrum and the corresponding parametric and Ml gain
profiles. The spectrum exhibiting two peaks at the ~ position of gy maxima at +4.6 THz. (c) Normalized
interferometric and intensity autocorrelations (grey and red curves, respectively). Inset: the last pulses (red solid) in
the final round-trip with a Gaussian fit (black dashed) showing a pulse FWHM=3.43 ps.
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On the other hand, in the context of frequency comb generation, the spectral and temporal coherence of
phase-modulated cw OPOs are strictly limited due to the dispersion characteristics of the DRO
configuration. In normal operation, cw DROs are over-constrained by the requirements of phase-
matching (kp=ks+k;), energy conservation (mp=wms+w;), and simultaneous cavity resonance at both signal
and idler frequencies (msws=c/2nsL; mijwi=c/2n;L, L is the optical cavity length). In conventional schemes
widely deployed to date, cw DROs can only be reliably operated at a single (or very few) signal-idler
frequency pairs nearest the peak of parametric gain [14]. This is an intrinsic property of DRO due to the
Vernier effect arising from cavity dispersion. As such, the generation of broadband multi-axial-mode
radiation is fundamentally precluded in cw DROs at any wavelength. To overcome this fundamental
limitation and thus enable broadband generation from degenerate cw OPOs, a parameter of critical
importance is thus the control of cavity dispersion. We previously demonstrated the generation of
broadband radiation from a degenerate cw OPO based on MgO:sPPLT pumped at 532 nm [15]. By
deploying chirped mirrors for dispersion compensation of the cavity, we generated broadband radiation
over 34 nm (9 THz) about ~1064 nm, limited by unoptimized dispersion characteristics of the mirror
coatings. Under this condition, we also observed signature of the frequency comb generation by
recording the RF spectrum of the output spectrum under passive conditions. At the same time, we have
also recently theoretically studied the feasibility of broadband frequency comb generation in degenerate
cw OPOs using active phase modulation in combination with full dispersion control of the cavity
[16,17]. Our simulations show that under this condition, it is possible to achieve coherent broadband
phase-locked output spectrum characteristic of a frequency comb, with a temporal output corresponding
to transform-limited femtosecond pulses, irrespective dispersion regime (normal or anomalous). Using a
degenerate cw OPO based on MgO:PPLN pumped at 532 nm, in the presence of intracavity dispersion
compensation, we confirm spectral generation with a FWHM bandwidth of Av = 6.9 THz centred at
1064 nm, with stable pulses of duration as short as At = 65 fs in the normal dispersion regime,
corresponding to a transform-limited time-bandwidth product of AtAv = 0.45, can be achieved (Fig. 2).
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Fig. 2. (a) Generic design of the phase-locked degenerate cw OPO with intracavity dispersion control. In the
normal dispersion regime, optimum detuning together with dispersion compensation result in (b) spectral output
with a FWHM bandwidth of 6.9 THz, and (c) transform-limited pulses of 65 fs duration with flat temporal phase.

Our results point to the feasibility of generating broadband phase-locked degenerate cw OPOs under
optimum compensation of cavity dispersion. The approach could pave the way for the realization of a
new class of comb sources in different spectral regions based on bulk %® OPOs pumped by cw pump
lasers.
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Lightwave electronics [1] leverages the carrier wave of light pulses to accelerate electrons faster than a
single optical cycle. Its potential for technological advancement [2] hinges on our ability to precisely
control the interaction between ultrafast light transients and emerging quantum materials. To truly
understand how light and matter interact at these extremely short time scales, it is essential to observe
electron dynamics in momentum space and directly correlate them with the driving light waveform.
Recent breakthroughs in angle-resolved photoemission spectroscopy revealed the emergence of intra-
band currents [3] and Floquet-Bloch states [4] within a fraction of an optical cycle, but only along
specific directions near the Brillouin zone center. Yet, in many quantum materials, critical phenomena
occur at the Brillouin zone boundaries.

Here, we present the next generation of subcycle band-structure videography. Utilizing strong few-cycle
mid-infrared (MIR) driving fields combined with sub-10-femtosecond extreme-ultraviolet (XUV) probe
pulses and a state-of-the-art photoemission momentum microscope, we explore electron dynamics
across the full Brillouin zone. In a photoemission momentum microscope, the electron detection rate is
constrained to roughly one electron per laser shot, as both the electron’s position on the detector and its
time of flight must be measured simultaneously. To maintain reasonable acquisition durations and
achieve reliable statistical outcomes, operating at a high repetition rate is essential. However, this
introduces the technical challenge of developing extremely strong, few-cycle MIR pulses within a
compact tabletop setup. The newly developed system addresses this by producing phase-stable MIR
pulses that, to the best of current knowledge, achieve unprecedented levels of average power and peak
electric field strength reaching up to 1 W and exceeding 200 MV/cm at a repetition rate of 50 kHz. In
this work, we drive a monolayer of graphene with s-polarized MIR pulses at 27 THz, while 21.7-eV
XUV pulses generated from high-harmonic generation probe the dynamics with subcycle time
resolution.
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Fig. 1. a, Measured occupied band structure of a monolayer of graphene. b, View into the band structure at the
Dirac point before the arrival of the MIR pulse (t = —70 fs) and for selected delay times, t = -14fsand t = 6 fs.
The latter two show how the electron distribution is accelerated away from the Fermi level and shifted along the
Dirac cone. The inset indicates the position of the evaluated window in momentum space, and the arrow marks
the MIR polarization. ¢, Current extracted from the photoemission maps (red data points) and the MIR
waveform reconstructed from the momentum streaking (blue data points, peak amplitude of 1.5 MV/cm).  Vertical
lines highlight the temporal positions of the photoemission cuts in b.

A view of the band structure of graphene (Fig. 1a) provides insight into the subcycle dynamics triggered
by mid-infrared excitation. Figure 1b presents snapshots of photoemission spectra at the K-point before
the MIR transient arrives and at selected delay times shortly after a negative and a positive field crest.
Before the arrival of the MIR field (t = —70 fs), we observe the linearly dispersing Dirac cone. Closer to
the peak field (t = —14 and 6 fs), the carrier distribution changes: electrons accelerate along the Dirac



cone, moving away from the Fermi level. This redistribution flips direction with the field polarity,
indicating a rapid displacement of the Fermi circle in momentum space. The asymmetric electron

a Fig. 2. a, Curvature filtered 2D carrier distribution
— oo]T4fe | S| 3 J%6fs max  at the K-point for selected delay times. The inset
= indicates the position of the evaluated window in
<« 0- L | < 1 < . i momentum space, and the arrow marks the MIR
" - polarization. The Gaussian fits illustrate the width of
*-0.2 /\ 1 . | A min the projection of the carrier distribution on the k,

— N AR L NS axis (red) and the k, axis (green). The width of the

b 26 fs 26 fs 26 fs carrier distribution before the pulse (t = —74fs) is
o~ 0.21 q . shown in black in the later snapshots. b, Snapshots
=< 3 of the carrier distribution at t = 26 fs calculated with
x 07 L = Sl L= Sk n 2 the SBE accounting for different scattering types
< 9o ] i = (left: no scattering, center: electron-electron

e-e scattering | |e-e + 0. p. scatt. scattering, right: electron-electron scattering +

scattering with optical phonons). The broadening
along k, can only be reproduced when scattering
with phonons is included.

no scattering
02 0 02 -02 0 02 -02 0 02
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distribution at each instant reflects a field-induced current [3]. The trajectory of this current can be
directly linked to the shape of the MIR field transient by analyzing how the band structure is streaked in
momentum space. This comparison reveals a temporal offset of 4.85 + 0.21 fs between the current and
the driving field (Fig. 1b), highlighting the influence of ultrafast scattering events in setting the pace for
lightwave electronics. Repeating the experiment for monolayer graphene samples with varying
rotational alignments relative to the SiC substrate, we retrieve a sizable variation of the subcycle delay.
An unconventional twist configuration, in which the monolayer is aligned parallel to the substrate [5],
was found to enhance coherent charge carrier motion more effectively than the standard growth
orientation. This approach points to a promising route for optimizing graphene-based lightwave
electronic devices. Recording the full 2D charge distribution allows us to distinguish hallmarks of
electron-electron and electron-phonon scattering (Fig. 2a). Initially, the applied driving field stretches
the carrier distribution along the ky axis, resulting in an elliptical shape (t = —3 fs). For later delays (t =
26 fs) scattering processes lead to a broadening of the distribution also along the ki direction.
Interactions with I'-LO and TO phonons leads to an isotropic redistribution of hot carriers, while the
pseudospin favors collinear electron-electron scattering towards the Dirac point [6]. By comparing these
experimentally observed 2D distributions with simulations based on the semiconductor Bloch equations
(SBE) [7] that incorporate various scattering mechanisms, we can identify the distinct signatures
associated with each type of scattering (Fig. 2b). Analyzing the broadening of the carrier distribution in
the direction perpendicular to the field, reveals that scattering with optical phonons primarily drives the
rapid decay of coherence in the current. Meanwhile, electron-electron interactions are mainly
responsible for thermalizing the excited carriers. Subcycle access to 2D momentum space with
attosecond precision proves essential in elucidating these dynamics before relaxation and thermalization.
In conclusion, we report an angle-resolved photoemission approach that, for the first time, combines
subcycle temporal precision with full 2D Brillouin zone coverage. Its power is demonstrated through the
investigation of lightwave-driven currents in graphene, where subcycle analysis reveals ultrafast
scattering dynamics that determine the limits of lightwave-driven technologies. Comparing currents
across different graphene orientations with sub-femtosecond temporal resolution identifies twist angles
optimized for coherent carrier control. Observing the 2D carrier distribution allows us to uncover the
fundamental microscopic processes at play, highlighting the interaction between different scattering
channels. This method provides key insight into the conditions necessary for achieving fully coherent,
field-driven electronic dynamics. It also opens new avenues for exploring rich phenomena in the strong-
field regime, including interband and intraband transitions, Landau-Zener tunneling, dynamical Bloch
oscillations, and the formation of Floquet-Bloch states.
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A pair density wave superconductor (PDW) is an exotic form of superconducting state in which Cooper
pairs carry finite center-of-mass momentum in the absence of the external magnetic field [1]. There are
multiple experimental signatures of PDW order in correlated electronic systems including the
observation of unidirectional PDW order in high-Tc superconductors [2,3]. At the same time, there are
no direct experimental evidence of PDW order obtained so far and the PDW state remains elusive. Here,
we investigate the signatures of a unidirectional pair-density wave state in the third harmonic generation
(THG) using an effective microscopic model, motivated by the cuprate superconductors. The system
possesses a unidirectional PDW Larkin-Ovchinnikov (LO) state with d-wave symmetry in
thermodynamic equilibrium ground state without extra need for an additional perturbation such as
external Zeeman field or leading charge density wave order. The PDW state is characterized by the
breaking of rotational symmetry and the presence of the residual Bogoliubov Fermi surfaces, as shown
in the left panel of Fig. 1. We extend this model under the non-equilibrium by including a periodic
driving in the form of external ac-field. The signatures of the emerging massive modes on the THG are
derived via a gauge-invariant effective action approach. We discuss the emerging signatures in the third
harmonic generation and their origin with and without coexisting with uniform d-wave superconducting
state.
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Fig.1. Left :Calculated spectral function A(k,@=0) in the PDW Larkin-Ovchinnikov state with Q,=(7/4,0) ordering
wavevector; Right: Calculated contributions to the third harmonic generation current from the charge density
fluctuations (CDF), amplitude fluctuations of the antisymmetric and symmetric modes and the relative phase
mode. Note the global phase mode becomes the plasma mode, like it is the case for the uniform  superconducting
order parameter.

In particular, in the right panel of Fig.1 we show various contributions to the third harmonic generation
current from charge density fluctuations (CDF), collective modes of the antisymmetric and symmetric
combinations of the A, , and A_, as well as relative phase fluctuations between them. As one could see
the THG currents is characterized by the presence of three peaks related to the amplitude modes of the
symmetric and antisymmetric channels and the relative phase mode at the energies above 2 A. | will
discuss further details of the model and results in the talk.
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Magnetic structures on the nanometer scale are the basis for current data storage technology in hard
drives. In contrast to the conventional use of external magnetic fields, ultrashort laser pulses allow to
manipulate magnetization via nonequilibrium states, fueling the hope that more energy efficient process
can be realized. Given that the magnetic structures need to be on the order of 10 nm small to be of
technological interest, processes on the few-nm scale such as energy transport via hot electrons become
relevant when trying to understand the limitations of nonequilibrium pathways to generate and
ultimately stabilize desired structures. I will report on studies with ultrashort laser and soft x-ray pulses
which explore fundamental physics of nanometer-size magnetic structures, exploiting the short pulse
duration and nm-wavelength to address some of the temporal and spatial limitations in this context.
[1,2,3]. A dimension that is mostly terra incognita is the development of the magnetization profile along
the depth of the sample, although the magnetization dynamics along this direction may be pivotal for
switching processes, formation of topological non-trivial structures or memory effects, in conjunction
with in-plane dynamics. This is also true in in thin-film-based samples, where in addition to the actual
magnetic (multi)layers additional layers such as seed-layers for growth or capping for chemical inertness
are often present and may influence the behavior. At the same time, the dynamics over spatial scales on
the order of one to a few nanometers is ultrafast even when considering the speed of magnons or
phonons. Nevertheless, the depth dimension has been explored little in time-resolved experiments due to
lack of suitable methods.l will report on substantial progress toward obtaining time-resolved
magnetization depth profiles on the femto-and picosecond time scale. This has become possible via
pump-probe experiments at broadband high harmonic generation (HHG) sources at photon energies
corresponding to the giant absorption resonances of rare earth metals of about 150 eV photon energy. In
conjunction with simulations of the x-ray scattering response of the thermal, structural, and magnetic
dynamics after laser excitation, [4] time-resolved magnetization depth profiles can be extracted. All-
optical switching (or its failure under unsuitable conditions) is observed to depend on dynamic processes
along the depth of the sample.[5,6]
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Hund excitons and singlet polarons in 2-D van der Waals magnets
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We construct a theorv that explains the low-enerav optical excitations at 1.476 eV and 1.498 eV
observed by photoluminiscence, optical absorption, and RIXS in the van der Waals antiferromaanet
NiPS3. Usina ab initio methods, we construct a two-band Hubbard model for two effective Ni orbitals of
the oriainal lattice. The dominant hoppina corresponds to third-nearest neiahbors. This model exhibits
two triplet-sinalet excitations of enerayv near two times the Hund exchanae. From perturbation theory,
we obtain an effective model for the movement of the singlets in an antiferromagnetic background. We
calculate the dynamics of the singlet polarons for the first time throuah an advanced adaptation of the
state-of-the-art self-consistent Born approximation (SCBA) method. These triplet-to-singlet excitations,
dressed by a cloud of magnons, move coherently as polaronic-like quasi-particles.



Afw)

Energy (¢V)

L 1
"Ta7a 1476 1478 148

w (e
1

D it T O R e 014 148 140 13 T51
w (eV)
(a) (b) (©)

Fig. 1 (a) Band structure of NiPS; for the non-magnetic case, with a unit cell that contains four unit
formulae. In red, fit of the bands using the MLWFs. Projected density of states on different atom types are shown
on the side of the band structure. (b) Representation of the Wannier functions centered on the Ni atoms
(depicted as blue/red spheres). The top/bottom panels display the odd/even Maximally Localized Wannier
Functions (MLWFs), respectively. It is noteworthy that in both cases, the wave functions extend from the S
atoms (yellow spheres) to the P atoms (violet spheres), indicating a strong bonding among them and displaying
the mixed nature of each wave function. (c) Total spectral function of the singlets at the I" point as a function of
energy. Two quasiparticle peaks can be observed at 1.4757 and 1.498 eV, together with several satellite peaks of
the first. The position of the experimentally observed peaks is marked as | and Il (see text for details). Inset:
detail of the low energy peak and first satellites. The position of the experimentally observed main peak (peak I)
and satellites is marked with arrows.

Our semi-quantitative treatment explains the key characteristics of the remarkably narrow excitations
observed below the gap in various optical experiments and accurately predict their dispersion relation.
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Photo-induced chirality
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Optically induced functional phenomena in condensed matter require that spatial or temporal symmetries
are lowered through interaction with an oscillatory dipolar field. Especially challenging is the search for
optically induced chirality in a non-chiral solid, because it requires that all mirrors and all roto-inversions
be simultaneously broken. On the other hand, chirality is a pervasive form of symmetry that is intimately
connected to the physical properties of solids as well as to chemical and biological activity, making it an
attractive target. Here, we use nonlinear phononics to show that chirality of either handedness can be
induced in the non-chiral solid BPO,. At equilibrium, two compensated sub-structures of opposite
handedness coexist within the unit cell. By resonantly driving either one of two orthogonal, doubly
degenerate infrared-active phonon modes with intense mid-infrared light pulses, we displace a second
lattice distortion with a positive or negative amplitude, uncompensating the staggered chirality and

creating a picosecond-lived structure with either handedness.
Fig.1. Sketch of the nonlinear phononic

a) b BPO b) b BPO interaction used to induce the chiral state. (a) A
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e SR A8 $@edr & left handedness. (b)Exciting the generate E-
D o ht¥ Sl ¢ C symmetry phonon along the b axis induces
coherent oscillations of the ¢/., mode about its
LA 1 equilibrium position. In this Case, a negative
Wi ARATY f g transient displacement is induced along the Qg
UU‘HH HJUJ‘ mode coordinates, driving the system into a
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The rotary power of the transient photo-induced chiral state, currently limited by the strength of the mid-
infrared excitation pulse, is comparable to the static value of prototypical chiral a-quartz.
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Time-resolved nonlinear THz spectroscopies have experienced tremendous success in recent years in
characterizing and controlling the various phases of quantum materials [1,2]. In this talk, we will present an
in-depth analysis of the nonlinear optical response in superconductors exposed to intense THz pulses, using
a quasi-equilibrium approach rooted in many-body perturbation theory. By establishing connections
between nonlinear response functions and experimentally measurable quantities, we investigate how
superconducting systems respond to single-pulse and two-pulse multidimensional protocols. Two-
dimensional spectroscopy at THz frequencies (2D-THz) has been used to detect collective excitations in
solid-state systems [3,4,5], with very recent applications to superconductors [6-8]. While a theoretical
understanding of 2D spectroscopy is well established for molecular-like cases [9], many-body systems
hosting a continuum of excitations present several complications [10-11]. Here, we propose a perturbative
scheme that allows us to compute the contributions of superconducting collective excitations to the 2D
signal, taking into account experimental geometries to disentangle the genuine signatures of nonlinear
processes from linear response effects. We benchmark this approach on the fingerprint of the Higgs mode
in superconducting NbN [8] and on the nonlinear excitation of c-axis Josephson plasmons in cuprates [7].

Fig. 1. In the typical 2D experimental setup two time-
delayed electric fields impinge on a superconductor and
generate a nonlinear signal. Studying the 2D map as a
function of the two times (¢, ) one can track fingerprints of
superconducting collective modes.

Pyp (8, T)

In the first case, we reveal how it is possible to detect signatures of amplitude fluctuations in the
nonlinearly generated first harmonic of the incoming narrowband electric fields. This enhancement, linked
to the nonadiabatic nature of the light-matter interaction when the field resonates with the superconducting
spectral gap, allows us to draw a parallel between the excitation of the Higgs mode and the so-called
displacive excitation of a coherent phonon (DECP) [12]. In the second case, we investigate the c-axis
response of single-layer cuprates, extending insights from previous analyses of third harmonic generation
(THG) [13]. A key challenge in this case is disentangling contributions from two-plasmon processes—
characteristic nonlinear pathways in these systems—from simpler, instantaneous processes due to screening
effects. These examples underscore the challenges and critical refinements needed for the effective analysis
of 2D spectra in superconducting materials. In perspective, the developed framework could be applied to
distinguish among the various excitation channels of quantum materials characterized by a complex
interplay of collective modes [14].
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Optically driven lattice excitations have recently been the subject of intensive investigation as a means to
control the macroscopic properties of quantum materials [2-5]. In opaque solids, it is well established that
coherent phonons can be excited by laser pulses with photon energies exceeding the electronic band-gap
energy [6,7]. However, the dominant microscopic mechanism remains unresolved: Neither experimental
nor theoretical approaches [8] have succeeded in disentangling the effects of a photo-induced change in
carrier density from an increase in carrier temperature. In this study, we employ time-resolved pump-probe
spectroscopy on the Rashba semiconductor BiTel. By tuning the pump-photon energy from the visible to
the mid-infrared, we selectively excite both electronic interband and scarcely accessible intraband
transitions. As shown in Fig. 1(a)—(d), coherent phonons with a central frequency of 2.7 THz are generated
in both excitation regimes, desplte the absence of a charge-carrier density increase in the intraband regime.
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This observation indicates that lattice dynamics are predominantly driven by an elevated carrier
temperature. Moreover, in contrast to analogous experiments on other semiconductors relying on interband
transitions [9-12], we find that for BiTel in the intraband regime (Flg 2), the phonon coherence time

remains robust against increasing laser fluence.
Fig. 2. Coherence time 7. as a function of excitation density. _ 7
The value determined from spontaneous Raman spectroscopy Is =~ & = 6~y -m g -
indicated by the dashed line [13]. For interband excitation + s} T
(green (520 nm), orange (104 pm), purple (2.08 pm)) z al ;‘;ﬁ;‘;i”:;’a”tfemg
decreases for excitation densities larger than 1x10* cm™. For N
intraband excitation (blue (7 um)) we observe no densny 1-10%° 1107 - 1.10%2
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These findings offer new perspectives on the coherent structural manipulation of solids exhibiting the
Rashba effect [14-19].
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Nonequilibrium dynamics of a disordered binary alloy
H. F. Fotso
State University of New York Buffalo, Buffalo, NY14260, USA

We study the nonequilibrium dynamics of a disordered correlated binary alloy, described by the
Anderson-Hubbard model with binary disorder. The system is subjected to an interaction quench
whereby the interaction is abruptly switched from one initial value to another. Our nonequilibrium
solution uses the recently formulated nonequilibrium DMFT+CPA [1, 2]. While CPA is known to not
capture a localization effect arising from disorder with the so-called “box” disorder, it does effectively
describe the disorder-induced metal-to-insulator transition with binary disorder. Thus, the present study
examines the interplay between the disorder-induced metal-to-insulator transition and the interaction-
induced metal-to-Mott insulator transition, with a focus on how this interplay affects the nonequilibrium
dynamics. Our solution is first used to examine the equilibrium density of states of the system and its
dependence on both the interaction and the disorder strength. We find that disorder delays the opening
of the Mott gap to stronger interactions in agreement with previous results. Vice-versa, the interaction
delays the opening of the disorder gap to stronger disorder. Next we examine the dynamics of the system
across the interaction quench. Across the interaction quench, we find that disorder plays a non-trivial
role on the dynamics and on the long-time state of the system. For weak interaction, we observe that the
final Kinetic energy is increased with the disorder strength. As the interaction increases, we observe at
moderate interactions, a reversal in the initial trend for the kinetic energy, with increased disorder
strength leading to lower kinetic energy. The possibility of both the disorder and the Mott gap in the
Anderson-Hubbard model for a random binary alloy gives rise in the DMFT+CPA calculation to a more
complex behavior of the density of states. Figs. 1 (a) and (b) show the density of states for the
noninteracting system (U = 0) and for U = 1.5 respectively, with disorder strengths varying between W
=0and W=0.7.

u=0 ; oS

|Fig. 1: Equilibrium density of
states of the Anderson-Hubbard
imodel with U = 0 (Anderson
. 4 model) (@), U = 15 (b) for
\ | disorder strength W varying from
! 10 to 0.7. Equilibrium density of
states of the Anderson-Hubbard
imodel with W=0.2 (c)and W =
0.7 (d) for interaction strength
2$U$ varying from 0 to 1.5 and
from 0 to 1.7 respectively. The
sarrows  indicate  increasing
disorder strength in (a) and (b),
|jand increasing interaction
Istrength in (c) and (d) [3].
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For the noninteracting system, in the absence of disorder, we recover the semi-elliptical density of states,
despite the Gibbs phenomenon arising from the truncation of the time axis. Increasing the disorder
strength on this noninteracting system gradually splits the spectral weight into two symmetric peaks
centered around +W/2 and -W/2. At finite but small disorder, these are two small bumps and they
eventually form a fully gaped spectrum at W ~ 0.7 (Fig.1 (a)). A weak but finite interaction strength
delays the formation of the disorder gap (not shown). When the interaction is above the critical value of
the Mott metal-to-insulator transition for the clean system, as shown in Fig.1 (b) for U = 1.5, increasing
the disorder strength gradually increases the spectral weight around the Fermi energy and eventually
closes the gap. Figs.1 (c) and (d) show the density of states for the W = 0.2 (c) and for W = 0.7 (d)
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respectively, with interaction strength varying between U = 0 and U = 1.7. For W=0.2, the density of
states is similar to that of the clean system with the opening of the Mott gap delayed to a slightly
stronger interaction. This delayed opening of the gap is more apparent for W= 0.7 where increasing the
interaction strength, is seen to fill the disorder gap. Continuing to increase the interaction eventually
leads to the opening of the Mott gap with two Hubbard bands that are each additionally split into two
parts due to the presence of the strong binary disorder (not shown). To probe the interplay of interaction
and disorder in the nonequilibrium dynamics, we track the time dependence of the kinetic and potential
energy in the system across the interaction quench whereby, with the system initially in equilibrium at a
given temperature and with a fixed disorder strength, the interaction is abruptly switched from U; = 0 to
a finite value U, at which it is subsequently kept constant. We also evaluate the total energy in the
system. It is obtained by summing up the kinetic energy and the potential energy. Fig. 2 presents the
relaxation of the potential (blue), kinetic (red), and total (black) energy as a function of time when the
system is quenched at time t =0 from U; =0 to U, =t* (a), U, = 1.5 t* (b), U, =2 t* (¢), U, = 2.5 t* (d).

0.1

— Fig. 2. Relaxation of the

| potential (blue), kinetic (red)
and total (black) energy as a
function of time when the system
is quenched at time t = 0 from
U1=0t0 U2=t*(a), U2:
15t (b), U,=21t*(c), U, =25
, , t* (d). Each panel shows the
0 5 10 15 0 3 1o I5time evolution of the three types
of energy for disorder strength
02 —a=]  oz2f U=>5+] W = 0 (solid line), W = t*

(c) u=2e) 02 (d) (dotted line) and W = 2t
1 (dashed line) [3]
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Each panel shows the time evolution of the three types of energy for disorder strengths W = 0 (solid
line), W = t* (dotted line) and W = 2t* (dashed line). After the interaction quench, the total energy
changes from an initial value to another value at which it is subsequently kept constant since the system
is isolated. This total energy decreases with increased disorder strength. During the transient, the kinetic
energy and the potential energy evolve in a complementary manner so as to keep the total energy
constant. Immediately across the interaction quench, the change in potential energy for a clean system
increases with the final interaction strength. As the disorder strength is increased, this change in
potential energy is decreased. After the short-time transient, both the kinetic energy and the potential
energy settle into their long-time values. For weak interaction, the long-time value of the kinetic energy
increases with the disorder strength. At moderate interaction (Fig. 2 (d)), this trend is reversed and the
long-time value of the kinetic energy decreases with increasing disorder strength. Altogether, using the
nonequilibrium DMFT+CPA on a disordered binary alloy enable the characterization of the nontrivial
interplay between disorder and interaction on the density of states and on the relaxation of the system
away from equilibrium.
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Floquet-Bloch valleytronics
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Driving quantum materials out-of-equilibrium makes it possible to generate states of matter inaccessible
through standard equilibrium tuning methods [1-3]. Upon time-periodic coherent driving of electrons
using electromagnetic fields, the emergence of Floquet-Bloch states enables the creation and control of
exotic quantum phases [4-7]. In transition metal dichalcogenides, broken inversion symmetry within
each monolayer results in a non-zero Berry curvature at the K and K’ valley extrema, giving rise to
chiroptical selection rules that are fundamental to valleytronics [8-12]. Here, we bridge the gap between
these two concepts and introduce Floquet-Bloch valleytronics. Using time- and polarization-resolved
extreme ultraviolet momentum microscopy (Fig. 1a,b) combined with state-of-the-art ab initio theory,
we demonstrate the formation of valley-polarized Floguet-Bloch states in 2H-WSe2 upon below-
bandgap coherent electron driving with chiral light pulses (Fig. 1c). We investigate quantum path
interference between Floquet-Bloch and Volkov states [13-16], showing that this interferometric process
depends on the valley pseudospin and light polarization-state. Conducting extreme ultraviolet
photoemission circular dichroism in these nonequilibrium settings reveals the potential for controlling
the orbital character of Floguet-engineered states (Fig. 1d).

(b) cex cB1 Fig. 1. Floquet-Bloch Valleytronics.
(@) Experimental scheme  with
polarization tunable infrared pump

_ o O and XUV probe pulses. The energy-

z o momentum cut recorded at pump-

,f.,,% £ vel R /'\VBI probe overlap, shows the emergence
TR SSYRED ’ of sidebands.

2H-WSes S K’ (b) Schematic of the Floquet-

engineered electronic structure of
2H-WSe, around K and K' valleys.

(c) Valley-Polarized Floquet-Bloch
States in 2H-WSe,.

(d) XUV circular dichroism revealing
the orbital texture of the Floquet-
Bloch states.
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These findings link Floquet engineering and quantum geometric light-matter coupling in two-
dimensional materials. They can serve as a guideline for reaching novel out-of-equilibrium phases of

matter by dynamically breaking symmetries through coherent dressing of winding Bloch electrons with
tailored light pulses.
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Generating a near perfect conductor at the transition from single to
Double-well dynamics in a charge-density-wave insulator driven by an

Ultrafast electrlc field
J. K. Freericks®, M. Petrovic!, M. Weber?
! Georgetown University. Washinaton, DC 20057, USA
2 Max-Planck-Institut fur Physik Komplexer Systeme, 01187 Dresden Germany

We explore a transient decoupling between electrons and phonons in a one-dimensional charge-density-wave
system modeled with the Holstein or Su-Schrieffer-Heeger model. In a standard pump-probe setting, the pump
pulse can be fine-tuned to excite the model system so that the electron-phonon interaction briefly disappears.
Switching off the electron-phonon coupling can drastically change the conducting properties of a material: an
insulator can be transiently turned into a perfect conductor for a brief time. The defining characteristics of the
decoupling is the dynamical slowdown, where the closer the pump gets to the critical decoupling fluence, the
longer the system stays in the transient conducting state. Passing through the critical fluence is accompanied by
the doubling of the phonon oscillation frequency which can be observed in the time-resolved photoemission
spectrum. A schematic of the systems and the different regimes we study is given in Fig.1.
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We model the electron-phonon coupling in the Holstein model as a local charge coupling, while in the Su-
Schrieffer-Heeger model it is a modulation of the hopping on the lattice. In both cases, when the phonon
coordinate vanishes, the electron-phonon coupling goes to zero, and the system can be described by a perfect
conductor (lattice electrons with no scattering). Eventually, the metastable phase is destroyed and the system
relaxes to a case where the phonons oscillate with time and conventional electron-phonon coupling returns. One
needs to have fine tuning of the pump fluence to achieve this state, because it arises when the system has a
transition from the phonon oscillating in one well, to oscillating in two wells. Because we model this system
with semiclassical phonons, the new phase is easiest to create at T=0. But, even at nonzero T, we find the
behavior remains. As an example of how the phonon coordinate is pinned to a plateau value and how the
conductivity is enhanced in this region, see Fig. 2
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What one can see is by pinning the phonon coordinate near the origin, we limit the electron-phonon coupling
greatly enhancing the electron lifetime and allowing for strongly enhanced electron conductivity. We have
shown the result is stable (but weakened) with respect to thermal fluctuations as well. This work is being
prepared for publication. The theory for this work is in [1], while an application to impulse phonons is in [2].
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Giant chiral magnetoelectric oscillations in a

van der Waals multiferroic
F.Y. Gao
The University of Texas at Austin, 78712 Austin, Texas, USA

The recent discovery of type-Il1 multiferroicity in frustrated van der Waals magnets down to the single-
layer limit raises prospects of unprecedented magnetoelectric couplings in two dimensions. However,
the exact nature and strength of these couplings have remained unknown to date. [1,2] Here, for the first
time, we perform a precision measurement of the dynamical magnetoelectric coupling in an exfoliated
van der Waals multiferroic, Nil,. We evaluate this interaction in resonance with a collective
electromagnon (EM) mode, capturing the impact of its oscillations on the material’s dipolar and
magnetic orders. Our findings reveal a record-breaking dynamical magnetoelectric coupling strength for
a single-phase multiferroic at terahertz frequencies, leading to a giant natural optical activity. State-of-
the-art first principles calculations further reveal that this chiral coupling originates from a combination
of spin-orbit interactions and non-collinear magnetic order, resulting in substantial enhancements over
lattice-mediated couplings.
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Fig. 1. a- Eigenvector spin precessions of the two electromagnons in Nil,, EM, and EM,, shown alongside the
calculated polarization, AP, and magnetization, AM, modulations for each mode. b- The low-temperature spin-
spiral order depicted on the (001) plane with propagation vector g = (0.138a% 0, 1.457c~) and static electric
polarization P. c- Anisotropic time-resolved SHG signal shown as a function of probe polarization angle ¢ in
the cross-polarized configuration. d- Time-resolved reflective Kerr signals for several incident pump fluences.
Experimental data (circles) is shown alongside fits to a pair of damped oscillators (lines). e- Time-dependent
modulations of the two-dimensional electric polarization and magnetization extracted for EM, from the tr-SHG
(blue dots, lines) and tr-RKerr measurements (red dots, lines). Theoretical electric polarization and
magnetization dynamics of the EM, mode were obtained from DFT calculations and presented assuming a
phenomenological damping rate (filled areas).[3]

Our results highlight the potential for intertwined orders to enable unique functionalities in the two-
dimensional limit and pave the way for the development of van der Waals magnetoelectric devices
operating at terahertz speeds.
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Copper-based superconductors (a.k.a. cuprates) have been extensively studied using pump-probe
techniques such as time- and angle-resolved photoemission (TR-ARPES) thanks to its exquisite energy,
momentum and temporal resolution, with the aim of clarifying the nature and formation of their
unconventional superconductivity (SC) [1]. In the broad picture of how light can be used to control the
properties of the condensate in cuprates, | will address two long-standing questions: (i) how an ultrafast
excitation modifies the superconducting condensate and (ii) what is the normal state on top of which
unconventional superconductivity emerges. To date, there is compelling evidence that an ultrafast light
excitation causes a loss of macroscopic phase coherence (without affecting the coupling strength of the
Cooper pairs), resulting in a transient filling of the SC gap [2]. However, since ARPES is not sensitive
to the phase of the SC gap, it is still unclear whether the microscopic mechanism responsible for this
effect is light-induced pair or phase fluctuations. Here, | will present a novel experimental strategy able
to directly probe essential information about the superconducting gap phase with momentum resolution.
By leveraging a phase-only-sensitive hybridization gap present in Bi-based cuprates [3], we can ascribe
light-induced phase fluctuation as the mechanism driving the transient filling of the SC gap. Going
beyond, one of the key unresolved questions in cuprates include the nature of the low-energy density of
states in the low-temperature normal state in the absence of SC. In order to experimentally probe the
low-temperature normal state, the long-range SC needs to be quenched while keeping the electronic
temperature below the critical temperature Tec.
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Fig.1. a. Bi,Sr,CaCu,0g,5; OD91 (Bi2212) Fermi Surface integrated + 10 meV. The blue (green) dashed line
represent the hybridization (off-node) cut. The red circle represents the low energy cutoff determined by the
probe photon energy; b. Differential map (pumped-unpumped) of the hybridization gap (HG) cut in Bi2212.

c. Differential map (pumped-unpumped) of the off-nodal cut in Bi2212.

Specifically, I will show how mid-infrared light can be used to uncover the normal state beneath the
equilibrium SC phase as well as how it connects to the pseudogap phase (a partial suppression of
spectral weight at the Fermi level) by probing directly the transient spectral function of the material.
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Strongly correlated materials present peculiar behavior of both technological and fundamental interest,
due to repulsive electron-electron interactions. Yet, their response to light excitation remains unclear.
The challenge is that purely electronic dynamics occur in a few femtosecond or less, requiring
attosecond temporal resolution requires attosecond temporal resolution. At this timescale, do
correlations enhance, screen or have no effect on the sub-optical-cycle response to an external laser
field? We address this question via attosecond transient reflectivity on NiO, a prototypical strongly
correlated insulator. We first benchmark our setup with MgO [1], a weakly correlated insulator. It
exhibits oscillations at twice the pump laser frequency, a signature of the well-studied dynamical Franz-
Keldysh effect by which the field coherently distorts the bands of the solid [2]. Strikingly, NiO does not
show any sub-optical-cycle dynamics. Instead, it presents a slower and non-reversible electronic
response that arises in a few femtoseconds. To understand this temporal response we conduct state-of-
the-art calculations in the framework of time-dependent density-functional plus self-consistent U theory,
which describes ultrafast dynamics in strongly correlated systems.
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Fig.1.a.The attosecond XUV pulse probes the energy of the conduction band which s
the Upper Hubbard Band, providing a direct measurement of the Hubbard U evolution as a function of time.
b. Comparison of the measured AU (t) and our numerical results.

Our calculations [3], which reproduce the experiment guantitatively, explain this behavior as a light-
induced renormalization of the correlation parameter U in the Hubbard model, confirming predictions
made in prior theoretical work [4]. With this interpretation, the data yields direct access to the temporal
evolution of the effective Hubbard U for the first time. It is found to respond in 7 fs, a system-specific
timescale characterizing the dynamics of electronic screening after light excitation. The ability to
measure and control the Hubbard U at its true timescale could be foundational for accessing and
harnessing new non-equilibrium material states.
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Ultrafast tunnelling spectroscopy
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Atomic-defect-based quantum systems in monolayers and moiré heterostructures of 2D materials have
attracted huge interest for their qubit and single-photon emission functionalities. Whereas time-resolved
ARPES provides critical insights into the dynamics of electronic energies in momentum space, its
counterpart with atomic spatial instead of momentum resolution is necessary to directly observe the
interplay of electronic structure of a single defect with the microscopic excitations of the environment
on the intrinsic atomic and femtosecond scales.

Here we directly resolve in space, time and energy how spin-orbit-split bound states of an individual Se
vacancy — an atomic single-photon emitter — evolve under coherent lattice vibrations in moiré-distorted
WSe, using lightwave-driven scanning tunnelling spectroscopy (LWSTS) [1] (Fig. 1a, b). We selectively
launch a drum phonon mode (Fig. 1¢) with a THz pulse coupled to the tip and take ultrafast snapshots of
electronic spectrum on atomic scales faster than a vibration period. Such ultrafast tunnelling spectra
reaching ~300 fs temporal resolution reveal transient energy shifts of the lower bound vacancy state by
up to 40 meV, depending on the amplitude and phase of the coherent lattice vibration (Fig. 1d). We
discuss how THz fields can couple via the Coulomb interactions to the drum mode, and how the
interplay of Se-W bonds distortion and image charge renormalization due to vertical motion of the
vacancy, induced by the drum mode, affect the energy levels of the vacancy.
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Fig.1. a. Schematic of LWSTS: an ultrashort THz pulse (red) of variable intensity coupled to the tip
transiently modulates the bias between tip and Se vacancy (blue orbital) in monolayer WSe,. b.
Constant-height images (1.5 x 1.5 nm?) of the vacancy measured with DC (top, Vpc = 720 mV) and
THz-driven currents (bottom, Vpc = 0, peak THz bias Vyeax ~ 720 mV). ¢, Tunneling current driven by
a THz probe pulse as a function of the delay time after local excitation by a THz pump pulse (top).
Ball-and-stick model of the induced drum phonon mode (bottom), which involves a center-of-mass
motion of the WSe, monolayer as well as out-of-phase intra-cell distortion (red and blue arrows mark
opposite oscillation phases). d. Transient tunneling spectra measured at the defect lobe (cross in (b))
for ~delay times corresponding to maximum (red, 88ps) and  minimum(blue,
10.2 ps) distance between WSe, and Au in (c), grey — unpumped spectrum. The rising edge shows the
onset of tunnelling into the lower bound state of the vacancy.

The combination of atomic spatial, sub-picosecond temporal, and meV energy resolution marks a
disruptive development towards a comprehensive understanding of complex quantum matter, paving the
way to disentangling microscopic interactions one by one and tuning many-body states by transiently
shifting their energetic position.
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Resonant inelastic x-ray scattering (RIXS) has recently become a premier tool for the investigation of
quantum materials with strong electronic correlation. The advent of high repetition rate x-ray free
electron lasers (XFELS) has eventually enabled time resolved (tr) RIXS experiments with high energy
and time resolution. In this context, the realization of the hRIXS instrument at the coherent scattering
(SCS) beamline of the European XFEL marks a milestone towards high energy- and time-resolution
ppRIXS [1]. First results on NiO and La,CuO, immediately brought new insight on the photo-doped
state of these archetypical charge transfer insulators. In particular, we observed that in NiO the above-
gap optical excitation generates a transient charge-transfer excitonic state, whose main signature is an
energy gain peak in the transient RIXS. The charge transfer exciton delocalizes within few picoseconds,
leaving the system in a metastable state lasting for a much longer time [2]. Besides this clear electronic
picture, the effects on the magnetic order due to this photo-induced transient state could not be disclosed
with the data from the first experiment. Therefore, in a second run we exploited the high selectivity of
trRIXS to focus on how the charge transfer excitons dynamics influences the spin waves spectrum.
Although the long-range antiferromagnetic order is quickly lost after the photo-excitation, short-ranged
magnons are always present in the RIXS spectra, though with smaller energy. Moreover, coherent
magnon oscillations are visible for the first time in a trRIXS measurement.
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Our results suggest that the photoexcited charge transfer exciton prompts low energy coherent magnons
and then moves the system in a metastable metallic state, where short range spin-spin correlation
persists. Our results establish trRIXS as a superior tool to investigate transient states with unprecedented
sensitivity, opening the route to innovative studies on the transient optically excited states in quantum
matter.
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Exciton-polariton Bound States in the Continuum (BiCs) are symmetry-protected from radiating in the
far field. Their large quality factor, when in the strong coupling regime, enables to achieve low-
threshold exciton-polariton condensation. The saddle-shaped single-particle dispersion of the BiC
imparts the condensate with marked directionality. Along the BiC axis, it leads to a self-localization
mechanism, offering opportunities to generate evanescently-coupled polariton chains [1]. Along the
perpendicular axis, it leads to a polariton flow with a well-defined momentum, which is responsible for a
time-delayed synchronization mechanism, often referred to as ballistic coupling. Consequently, on this
platform, it is possible by simply adjusting the relative angle between the axis connecting the pump
spots and the grating axis, to tune the BiC condensate coupling from negative-mass-evanescent to
positive-mass-ballistic [2]. In this context, we investigate and characterize this interplay, exploring the
potential to engineer hybrid ballistic-evanescent polariton condensate chains.
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Fig. 1 a Hyperbolic dispersion hosting the BiC condensate, b and ¢ condensate dimer spectra in the case of
evanescent and ballistic case respectively.

These findings highlight the potential of 1D photonic crystal waveguides to engineer reconfigurable
hybrid ballistic-evanescent polariton condensate chains and to study condensed matter phenomena at the
interface between delay-coupled nonlinear oscillators and tight-binding physics [3].
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Topological plasmonics and twistronics:
Ultrafast vector movies of plasmonic skyrmions, merons,

Quasicrystalline structures and skyrmion bags on the nanoscale
H. Giessen
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We utilize a new technique, time-resolved vector microscopy, that enables us to compose entire movies on a
sub-femtosecond time scale and a 10 nm scale of the electric field vectors of surface plasmon polaritons. By
using our vector microscopy technique, we are able to image the plasmonic spin-momentum-locking and the
plasmonic skyrmion dynamics. Depending on the shape and geometrical phase, in combination with the
helicity of the excitation beam, topological plasmonic quasiparticles are created: skyrmions, merons, as well
as quasicrystalline excitations with 4D topology. We observe their entire field vector dynamics at
subfemtosecond time resolution [1-6]. Fig. 1t depicts a snapshot of the skyrmion electric field vector
arrangement with sub-10 nm resolution on a single crystalline, atomically flat gold surface.

Fig. 1. Experimentally obtained snapshot of the vector components of the E-field of a
plasmonic skyrmion on a monocrystalline, atomically flat gold surface [5].

When applying the concept of twistronics to plasmons, intriguing
topological excitations arise, such as skyrmion bags. We find magic
angles similar to twisted graphene which defines exceptional topological
features. Utilizing topological plasmonics and twistronics will open the door to linear optical features on the
few nm length scale [7], without the need for techniques such as STED.
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Understanding long-lived nonequilibrium phases in

Correlated electron systems
M. Eckstein,
Universitat Hamburg, 20148 Hamburg, Germany

The emergence of long-lived nonequilibrium phases in strongly correlated electron systems provides new
pathways to control order and symmetry through dynamical means. One prominent mechanism is
photodoping, where ultrafast optical excitation injects carriers and reshapes the electronic structure [1]. I will
address recent advances in a nonperturbative simulation of such photo-doped states [2]. Another mechanism
to stabilize nonthermal states involves non-thermal spatial fluctuations.

Fig. 1. Hlustration of different stages in the excitation and
bing ey ) relaxation process of photo-doped Mott system. In large-gap
/ — Mott insulators the intraband relaxation leads to distinct
P ' - DY Cooling nonthermal quasiparticle distributions (stage iv), which we
Y WAY o Hot hermal siate _ address in this talk. Figure adapted from [1].

Y

Anisotropies in relaxation dynamics and stiffness can lead to an effective nonthermal order by nonthermal
disorder scenario, where fluctuations can transiently favor ordered states not stabilized in equilibrium [3]
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Observation of Higgs modes in superconductors by non-equilibrium

Anti-Stokes Raman scattering
T.E. Glier', S. Tian?, M. Rerrer", J. Dolgner?, S. Kaiser®, D. Manske?®, M. Riibhausen®
! Universitat Hamburg, 22761 Hamburg, Germany.
2Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany.
% Technische Universitat Dresden, 01062 Dresden, Germany.

Spontaneous symmetry breaking leads to massless phase modes as low-energy excitations of the
Mexican-Hat potential. However, in superconductors, interaction between the charged condensate and
the gauge field shifts these modes to higher energies [1], leaving the Higgs mode as the dominant low-
energy excitation. The Meissner effect confirms a macroscopic quantum condensate where photons
acquire mass, in analogy to high-energy physics [2]. Sooryakumar and Klein experimentally observed
the Higgs mode in superconductors via Raman scattering in 1980, later confirmed in 2014 [3,4]. Due to
weak light coupling, the Higgs mode remained elusive, except in NbSe, where it couples to a CDW.
Over the past two decades, experimental evidence has steadily built up. In 2005, Budelmann et al.
detected a distinct in-gap quasiparticle excitation via resonance Raman spectroscopy[5]. In 2009, Saichu
et al. observed an in-gap feature responding to a pump on a different timescale than the pair-breaking
peak, suggesting a collective excitation [6]. Subsequent studies, notably THz measurements, have
reinforced evidence for the Higgs mode[7]. This talk presents Higgs-mode observations in Bi-2212
using Non-Equilibrium Anti-Stokes Raman Scattering (NEARS) [8]. A Tsunami Ti:Sapphir system with
a pulse duration of 1.2 ps and a repetition rate of 80 MHz is used as laser source at a fundamental
wavelength of 802 nm (pump). From a second harmonic generation (SHG) unit, a 402 nm beam is used
as the Raman probe for the UT-3 spectrometer.[9] NEARS exploits the metastable nature of the Higgs
particle through a soft quench of the Mexican-Hat potential, selectively populating Higgs modes with
different symmetries[10], then probing them via anti-Stokes Raman scattering. The pump perturbs the
potential while allowing relaxation, facilitating Higgs mode occupation (Fig. 1, left bottom).
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Fig. 1. Left: Cooper channel vs. single-particle channel in the
NEARS experiment highlighting the specific excitation process
populating the Higgs mode. The Mexican-Hat potential representing
the superconducting ground state (1) is quenched upon pumping (3).
Concomitantly, the reduction of the superfluid density and gap-
filling occurs. On a time-scale of 100-200 fs the Mexican-Hat
potentialrelaxes. The holes from the single particle channel form
again bosonic Cooper pairs, which oscillate in the relaxing
Mexican-Hat potential representing an excited and metastable
Higgs state (2). This population inversion is probed by NEAERS.
y ” PBpesk Right: Excitation spectrum of the superconductor Bi-2212. The
\/\/ L el NEARS maps of Bi-2212 show the Raman response of the Higgs
1 i 00 particle at around 25 meV together with the PB excitation Raman
LA®BAD susceptibility around 60 meV in Ay, (left) and By (right) geometry at

Excitaion energy (meV/) a time delay of 3 ps.
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This population inversion (Fig. 1, left) can be tuned experimentally via soft quench fluence and
characterized by comparing Stokes and anti-Stokes signals. Indeed, an additional in-gap anti-Stokes
signal (Fig. 1, right, 25 meV signal) emerges with fluence, indicating Higgs mode population. The
pumped Stokes side shows a suppressed pair-breaking (PB) peak (around 60 meV), confirming the
superconducting state persists 3 ps after the pump. Our results, analyzed via Ginzburg-Landau theory,
link Higgs mode energy to the Cooper-pair coherence length. A BCS weak-coupling model provides a
coherent description of both single-particle pair-breaking and two-particle Higgs excitations. Phonon-
subtracted electronic equilibrium susceptibilities align well with microscopic theory, a key result given
the absence of the A,y problem in our measurements at 3.1 eV photon energy [11]. This work establishes
NEARS as a power?ul Higgs spectroscopy tool in quantum condensates, opening new avenues for
investigating Higgs physics. Beyond Higgs mode detection, NEARS offers broad applications in
superconductivity research, including light-induced transient, interface, topological, and high-
temperature superconductivity.
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How “super” is photoinduced superconductivity?
J. S. Dodge, L. Lopez
Simon Fraser University, Burnaby, BC V5T 2B2, Canada

We describe how systematic error distorts the evidence for photoinduced superconductivity. Most of this
evidence has come from time-resolved terahertz (TR-THz) spectroscopy, which is sensitive to the
nonequlibrium electrodynamic response of materials at the relevant frequencies and timescales [1].
However, TR-THz directly measures the complex reflection amplitude r(w) , not the local
nonequilibrium complex conductivity o(w), and to relate them one needs to specify the complex
photoconductivity depth profile Ag(w; z), which typically is not known independently [2]. We have
shown previously that at the high excitation densities employed in these experiments, the
photoconductivity depth profile must be distorted from the profile originally used to interpret the
experiments [3]. When we correct for this distortion, we obtain nonequlibrium conductivity spectra that
are qualitatively different from those originally reported. The corrected results for K3Cgo are consistent
with a model in which photoexcitation enhances the carrier mobility but does not induce a phase
transition to a superconducting state. We will show evidence that this effect compromises all previous
TR-THz evidence for photoinduced superconductivity, not just in K3Cgo.
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Fig.1.Left:Normalized photoconductivity of
linear and nonlinear media as a function of
depth, in units of the pump penetration depth A.
Markers on each curve indicate the 1/e-depth.
The photoexcitation profile narrows with
increasing fluence F = Frpaf in @ medium with
a two-photon absorption (TPA) nonlinearity and
broadens with increasing fluence F = F,.f in a
medium with a saturable nonlinearity (Sat). The
depth profile for a linear medium (Exp) is
independent of fluence.

Right:  Normalized surface  conductivity
estimated from the reflection amplitude using
the exponential profile (blue) and the profile for
a medium with combined saturation and TPA
nonlinearities (orange).

We will also address criticisms that Buzzi et al. (2023) [4] have raised about our reinterpretation and
show how subsequent results provide further support for it [5,6].
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From high- order 5|debands to Bloch -wave mterferometry
A Glovannone M. Jang’, Q. Wu', S. D. O’Hara?, J. B. Costello®, M. S. Sherwin*
Unlversny of Callfornla Santa Barbara CA 93106 USA
2University of Pennsylvania, Philadelphia, PA 19104, USA
3Electrical Engineering and Computer Science- Exponent, Menlo Park, CA 94025, USA

The 2023 Nobel Prize in Physics was awarded to scientists for generating attosecond pulses of light
based on high-order harmonic generation (HHG) in atomic systems driven by strong laser fields.
About a dozen years ago, HHG [1] and a related phenomenon, high-order sideband generation
(HSG) [2], were discovered in crystalline solids driven by strong mid-infrared and terahertz (THz)
laser fields, respectively. Both HHG and HSG in solids are highly nonlinear processes, in which
strong laser fields drive the charged quasiparticles through states with energy and quasi-momentum
much larger than those of the individual laser photons, presenting exciting new opportunities for
optics-based energy- and momentum-resolved spectroscopies of quasiparticles in solids. While HHG is
typically induced by a single laser field, HSG occurs when a semiconductor is illuminated by a
relatively weak near-infrared (NIR) laser and simultaneously driven by a sufficiently strong THz
field. By using two laser fields, the creation and acceleration of quasiparticles are separately
controlled in HSG [2]. Owing to this distinct feature, HSG spectroscopy has evolved into a new
technique for measuring electronic structures of crystalline solids. In 2017, it was shown that
polarimetry of high-order sidebands can be used to discover subtle manifestations of quantum
interference between the Bloch waves associated with accelerating quasiparticles, enabling new probes
of Berry curvature [3]. This capability was later demonstrated in reconstruction of the Bloch
wavefunctions of holes in bulk GaAs [4].

Fig. 1. A Michelson interferometer for Bloch waves
in bulk GaAs. (i) A NIR laser is incident on bulk GaAs,
creating an electron-hole (E-H) Bloch wave. (ii) The
GaAs acts like a ““beam splitter”, “splitting” the E-H
Bloch wave, which is a superposition of E-HH and E-
LH Bloch waves, into ““two arms”, one for each species
v i of Bloch wave. (iii) The THz field drives the two species

Interferogram of Bloch waves along different recollision pathways in

their “respective arms”. (iv) Upon sideband emission,

Quater-wave plate G the E-HH and E-LH Bloch waves “merge” at the
Polarizer Eﬂ “beam splitter”” and interfere as two components of the

s E-H Bloch wave. (v) The Bloch-wave interferogram is

“loaded” onto the sideband electric fields and recorded
as sideband polarizations as functions of sideband
photon energy.

GaAs

(v)Sidebands

We show here that the HSG in bulk GaAs can be thought of as the output of a Michelson
interferometer for Bloch waves [5], enabling a probe of non-equilibrium dephasing in a strongly-
driven quantum system [6]. The relevant low-energy band structure of bulk GaAs involves one
conduction band and two valence bands that are degenerate at zero quasi-momentum. In the HSG
process, the incident NIR laser creates both the so-called heavy-holes (HHs) and light-holes (LHSs)
associated with the two valence bands, resulting in two species of electron-hole pairs that are driven
by the THz field along different recollision pathways and interfere with each other (Fig. 1). I will
conclude with a discussion of open questions, including the opportunities for employing HSG in
studies of strongly-correlated electronic materials.
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Optical response and superradiance in driven

Excitonic condensates
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Bilayer materials hosting interlayer excitons—comprising electrons in one layer and holes in the other—
are a promising experimental platform for realising high-temperature condensates and studying their
dynamical properties. Imposing a chemical potential bias, either through optical pumping or electrical
contacts drives exciton condensates into distinct dynamical regimes, see Fig. 1. We investigate how
these regimes manifest in emitted light and how they are influenced by placing the material within an
optical cavity.
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Fig.1. Left: Schematic of the biased transition metal dichalcogenides bilayer with biased voltage u and the gate
voltage V. Right: The phase diagram of the nonequilibrium steady states on the u — V, plane with blue and red
regions belng the dark or bright dynamical condensate, respectively.

We show that in a bilayer system where the charge can tunnel between the layers, the chemical potential
bias means that an exciton condensate is in the dynamical regime of the Josephson effect. By increasing
the bias voltage, the system undergoes a transition from the phase-trapped to phase-delocalized
dynamical condensation. Optical spectroscopy can identify these phases, with a strong response to weak
fields near the transition due to the instability in the order parameter dynamics [1]. If such a system is
placed in an optical cavity within the phase-trapped regime, coupling to photons favors a super-radiant
state. The phenomenon allows the device to convert DC current into coherent photons at tunable
frequencies determined by the bias and material thickness. These findings highlight mechanisms to
control and harness excitonic condensates for optoelectronic applications [2].

References
[1] A. Osterkorn, Y. Murakami, T. Kaneko, Z. Sun, A. J Millis, D. Golez, arXiv:2410.22116 (2024).
[2] Z. Sun, Y.Murakami, F. Xuan, T. Kaneko, D. Golez, A.J. Millis, Physical Review Letters 133, 217002 (2024).
* Acknowledgement: D.G. acknowledges support from No. P1-0044, No. J1-2455, No. J1-2458 and No.MN-0016-106 of the Slovenian Research Agency
(ARIS) and QuantERA grants QUSIED by MVZI and QuantERA 11 JTC 2021.



71

Controlling electronic and magnetic properties of strongly-correlated

Oxides via heterostructuring and ultrafast pulses
A. X. Gray
Temple University, Philadelphia, PA 19122, USA

The interplay between charge, spin, and orbital degrees of freedom at oxide interfaces gives rise to
emergent electronic and magnetic states, offering pathways to novel functionalities in spintronic and
electronic devices. In this talk, I will present a comprehensive investigation of the electronic and
magnetic structure at buried interfaces in LaNiO3/CaMnO3;, CaMnOs/CaRuOs, and VO,/LaAlO3/TiO,
heterostructures using a suite of depth-sensitive synchrotron-based x-ray techniques, density functional
calculations, and ultrafast THz-pump tr-MOKE spectroscopy.Our studies reveal that interfacial
ferromagnetism can be stabilized in nonferromagnetic systems through precise interface engineering and
thickness control, as demonstrated in LaNiO3/CaMnO; and CaMnO3/CaRuQOs superlattices [1,2].
Furthermore, we demonstrate that tunable interfacial charge transfer in VO,/LaAlO3/TiO, enables
modulation of the VO, metal-insulator transition temperature over a 65 K range without doping or strain
[3]. Building on these findings, | will present recent standing-wave photoemission data on the
NdNiOs/CaMnO3; system, where interfacial ferromagnetism and the metal-insulator transition can
potentially be controlled both statically, via temperature, and dynamically, using IR or THz
pulses.Beyond static control, these interfacial phenomena create opportunities for ultrafast manipulation
of electronic and magnetic states using intense THz electric-field pulses. This is exemplified in
LaNiO3/CaMnOs [4], where we employ a suite of time-resolved spectroscopies to disentangle multiple
interrelated electronic and magnetic processes driven by high-field THz excitation. These findings
underscore the power of combining x-ray and ultrafast optical techniques to probe and manipulate
interfacial phenomena, offering insights into the design of tunable correlated oxide interfaces for future
electronic and spintronic applications.
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Fig. 1. A comprehensive depth- and time-resolved approach for investigating emergent electronic and
magnetic phenomena at oxide interfaces (e.g., LaNiOiz/CaMnQO,). (a) Standing-wave X-ray photoelectron
spectroscopy provides the electronic valence-state profile at the interface, (b) momentum-resolved X-ray
resonant magnetic reflectivity reveals a detailed magnetic profile, and (¢) THz-pump IR tr-MOKE probes the
dynamics of the electronic and magnetic structure.

These findings underscore the power of combining x-ray and ultrafast optical techniques to probe and
manipulate interfacial phenomena, offering insights into the design of tunable correlated oxide interfaces
for future electronic and spintronic applications.
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Spatio-temporal coherence in nonequilibrium semiconductor spin dynamics
A. Greilich, N. E. Kopteva, V. L. Korenev, M. Bayer
Technische Universitat Dortmund, 44227 Dortmund, Germany

This study demonstrates the realization of highly robust, non-decaying auto-oscillations under continuous
excitation in a tailored semiconductor's electron-nuclear spin system. Based on the dissipative many-body
system, these oscillations form a continuous time crystal (CTC) state. Our findings establish robust CTC
dynamics (limit cycle), as seen in Fig. 1a, over a wide range of control parameters, including laser power,
temperature, and magnetic field. The classical coherence time of the periodic oscillations, indicative of the
ideal ordering of “time atoms” within the CTC, is defined by the experimental measurement time and
extends to several hours. Additionally, we observe the presence of chaotic oscillations, signaling the
melting of the CTC. This research provides valuable insights into the dynamic regimes of the CTC state
[1].Introducing periodic modulation of the laser’s polarization leads to a transition from a continuous to a
discrete time crystal (DTC) behavior (Fig. 1b).
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Fig. 1. a- Periodic oscillations of electron spin polarization. At the bottom, different views of the 3-dimensional
phase space plot on the limit cycle. Black points mark the recorded data. b- Measured contour plot of fast Fourier
(FFT) spectra for the modulated version of the system as a function of the inverse modulation frequency f.. It
demonstrates different regimes, including synchronization (horizontal plateaus), bifurcation jets, and chaos.
The color scheme on the right indicates the normalized amplitude of the Faraday rotation. f, — is the first own
harmonics of the unmodulated oscillations. fe,, — observed FFT frequencies.

The observed key phenomena include synchronization and the formation of Arnold tongues, where the
system's oscillations lock onto the modulation frequency. Beyond entrainment, we observe fractional
subharmonic responses organized in bifurcation jets, creating a devil’s staircase structure in the frequency
spectrum. Notably, as the system nears an entrainment region, it undergoes a chaotic transition, revealing
the intricate boundary between synchronized and chaotic dynamics [2]. Finally, the coupling between
several spatially separated CTC sites would introduce a degree of nonlocality, which can lead to spatial
synchronization.

These results deepen our understanding of nonlinear systems and highlight potential applications in
semiconductor technology. By bridging experimental realizations with theoretical predictions, this work
offers insights into complex, synchronized phenomena in natural and technological systems.
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Upgrade of a X-ray pump-probe arrangement by a high-energy

Few-cycle OPCPA pump at 11 pm
M. Bock, P. Fuerties, U. Griebner
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Ultrafast X-ray diffraction is a recognized technique for the investigation of structural dynamics on atomic
length scales in the femtosecond range. The availability of compact laser-driven table-top hard X-ray sources
enables time-resolved X-ray diffraction and absorption studies on a lab scale [1]. Using the idler of a midwave-
IR (MWIR) OPCPA at 5 um wavelength delivering multi-mJ, few-cycle pulses, the highest table-top hard X-
ray flux of 1.5 x 10* ph/s was demonstrated at a repetition rate of 1 kHz [2]. A pump-probe setup is required
for time-resolved measurements. Initial X-ray pump-probe experiments were carried out with a small proportion
of the 5 um driver pulses as pump pulses [3].The availability of pump pulses in the longwave IR (LWIR) would
enable novel excitation channels. Here we report on the addition of a LWIR channel in our MWIR OPCPA.
Utilizing the residual 2-pum pump energy, a single-stage OPCPA is implemented whose idler at 11 um provides
pulses with a duration of 180 fs and 50 pJ energy. The work is based on a MWIR OPCPA [4] which operates at
a repetition rate of 1 kHz. The front-end supplies the seeds for the pump and the signal at 2.05 um and 3.4 pm
wavelength, respectively. The 2.05 um pulses are amplified to 50 mJ in a few-ps Ho:YLF CPA. The parametric
amplifier consists of four stages, all containing ZGP as a nonlinear crystal. The idler pulses of the OPCPA at 5
pum Wavelength used for the further experiments comprise an energy of 3.4 mJ and a duration of 85 fs.
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Fig. 1. LWIR OPCPA - extension of the 5-um-
driven X-ray source. (a) Signal spectrum (red)
and Type-1l phase-matching (PM) curve of
GaSe (blue). (b,c) SH-FROG characterization
of the 11-um idler pulses;(b) measured and
retrieved spectral amplitude and phase; (c)
retrieved temporal pulse amplitude and phase
with its Fourier-limit.
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The multi-color OPCPA is extended into the LWIR range by adding1 an OPCPA stage based on GaSe. This
stage is pumped with the remaining 2.05-um pump energy after the 4™ stage of the MWIR OPCPA. The signal
pulses for the LWIR-OPCPA are provided by the second harmonic (SH) of the 4.9 um MWIR-OPCPA
emission. Less than 10% of the 4.9 um pulse energy is required for this and the X-ray flux is only marginally
affected. The LWIR-OPCPA signal pulses centered at 2.4 um exhibit a FWHM-bandwidth of 100 nm (Fig. 1a,
red) and an energy of 40 pJ. These are stretched to a duration of 1.5 ps in sapphire to match the pump pulse
duration. The implemented LWIR-OPCPA consists of only one stage equipped with a 2 mm thick GaSe crystal
for parametric amplification. It is oriented for Type-1l phase matching because a broader bandwidth is
supported compared to Type-1 (Fig. 1a, blue). Due to damage issues of GaSe the pump intensity has to be below
30 GW/cm?. The effective aperture of the crystal is 7 mm, which limits the 2-pum pump energy to 4 mJ. In order
to generate an idler free of angular dispersion, the collinear amplification geometry is chosen which provides
idler pulses centered at 11.2 pm with an energy of 70 pJ. Thls corresponds to an impressive pump-to-idler
conversion efficiency of 1.7%. The idler spectrum has a 1/e*-bandwidth of 10.2 to 12.9 um (Fig. 1b, purple),
which results in a Fourier limited pulse duration of 140 fs (Fig. 1c, black). The subsequent compression is
performed with bulk ZnSe, which leads to a loss of 28% despite anti-reflection coating of the ZnSe. The 11-um
idler pulses are characterized with the SH-FROG method (Fig. 1c). The retrieved pulse exhibits a duration of
180 fs (Fig. 1c, purple), so it possesses less than five optical cycles. The compressed pulse energy amounts to
50 pJ, resulting in an impressive peak power of 300 MW. In summary, an efficient single-stage LWIR OPCPA
at 1 kHz repetition rate was demonstrated as an extension of a multi-mJ MWIR OPCPA. The generated 50 pJ
pulses with few cycles at 11 um wavelength deliver a record peak power of 300 MW, comparable to the value
recently achieved in a three-stage LWIR OPCPA at 12 um [5]. These pulses will serve as an additional pump
wavelength for X-ray pump-probe measurements [3].
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Excited charge and spin carrier dynamics in WSe, and molecule/WSe,

Heterostructures
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! Rheinland-Pfalzische Technische Universitét Kaiserslautern-Landau, 67663 Kaiserslautern, Germany
2Universitat Augsburg, 86159 Augsburg, Germany

Layered 2D Van der Waals systems are a highly intriguing class of materials with promising spin
functionalities for future spintronic applications. Due to their atomic thickness and exceptional
electronic properties, transition-metal dichalcogenides (TMDs) intrinsically fulfill the requirement of
miniaturization, making them ideal candidates for next-generation nanoscale devices. One of the most
exciting aspects of TMDs is their ability to form van der Waals heterostructures by stacking different 2D
materials together without the constraints of lattice matching, giving rise to entirely new fields such as
valleytronics or twistronics. This flexibility allows for the precise tuning of electronic and spin
properties through interlayer interactions and is often achieved using other TMD materials. A different
approach is forming heterostructures with monolayers of other molecules. In spite of all these advanced
research areas involving TMDs, there are still open questions about the native materials with their rich
and unique spin-related phenomena. To fully exploit the technological potential of TMDs, it is crucial to
gain a deeper understanding of their spin dependent transport state properties as well as the dynamics of
optically excited charge and spin carriers. Here, we present the results of spin-, time- and momentum-
resolved photoemission experiments on WSe, and molecule/WSe, heterostructures in a vis-pump XUV-
probe geometry, as shown in Fig. 1.
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In the pristine material, the evolution of optically excited spin carriers at important key symmetry points
of the Brillouin zone is investigated. In particular, after an initial spin-selective optical excitation of
carriers at the K point, a subsequent intervalley scattering process to the conduction band minimum at
the neighboring X point takes place (Fig. 1 (b)). The spin polarization of the initially excited non-
equilibrium populations and their evolution during the intervalley scattering is directly traced (Fig. 1 (c)
and (d)) and further disentangled from the intrinsic spin polarization of the ransport states, which do not
coincide at all times during the thermalization process [1]. Furthermore, we investigate how the behavior
of optically excited spin carriers is altered in a prototypical heterostructure consisting of an ultrathin
CuPc layer on bulk WSe,. The resulting band structure of the heterostructure shows contributions from
both the TMD and the molecular layer, giving rise to potentially new excitation pathways at the
interface. Starting from the non-dispersing CuPc HOMO, which is energetically located between the
spin-split valence band branches of WSe,, we find an additional, optically selectable excitation pathway
in the CuPc/WSe, heterostructure compared to pristine WSe,. This excitation pathway allows for a
direct excitation of carriers at the previously momentum forbidden conduction band minimum at the X
point of WSe, in a charge transfer process from the molecular HOMO. In addition, we discuss a
compound of a thin layer of the spherical molecule Cgy on a WSe; surface. For this Cgo/WSe,
heterostructure, the creation of an ultrafast spin polarization upon optical excitation in the absence of an
external magnetic field is demonstrated [2]. In particular, an interlayer transfers of optically excited
charge-transfer excitons from the fullerene Cg [3, 4] to the WSe; layer leads to an electric field that
induces layer-dependent Stark shifts of the WSe, valence bands.
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These shifts transiently lift the spin degeneracy of the system, thereby revealing its “hidden” spin
polarization, as shown in Fig. 2
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High-temperature superfluorescence in perovskites
K. Gundogdu
North Carolina State University, Raleigh, NC 27695 USA

The formation of coherent macroscopic states and the manipulation of their entanglement using external
stimuli are essential for emerging quantum applications. However, the observation of collective quantum
phenomena such as Bose—Einstein condensation, superconductivity, superfluidity and superradiance has
been limited to extremely low temperatures to suppress dephasing due to random thermal agitations. In
this presentation | will talk about room-temperature superfluorescence (SF) in hybrid perovskite thin
films [1,2]. In SF an optically excited population of incoherent dipoles develops collective coherence
spontaneously (Fig. 1a). This emergent collective state forms a giant dipole and radiates a burst of
photons. Because electronic transitions dephase extremely fast, observation of SF in semiconductors is
extremely rare and under high magnetic fields and at very low temperatures. Therefore, the discovery of
room temperature SF in perovskites is very surprising and shows that in this material platform, there
exists an extremely strong immunity to electronic dephasing due to thermal processes. To explain this
observation, we propose that the formation of large polarons in hybrid perovskites provides a quantum
analogue of vibration isolation to electronic excitation and protects it against dephasing even at room
temperature (Fig. 1b). b

@ @ @ &
6
@ @ ’ 5352’::2:.‘1‘;;‘.; {
66 |
Q,

1) 12 T2y i) [11; )

Understanding the origins of sustained quantum coherence and the superfluorescence phase transition at
high temperatures can provide guidance to design systems for emerging quantum information
technologies and to realize similar high-temperature macroscopic quantum phenomena in tailored
materials.
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Photoinduced non-reciprocal phase transitions
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In nonequilibrium systems where the detailed balance is broken, the free energy minimization principle
does not generically apply. In such situations, interparticle interactions do not necessarily have action-
reaction symmetry. Recent studies, mainly in the field of active matter, showed that non-reciprocal
interactions may give rise to diverse collective phenomena. For example, an ordered state with non-
reciprocal interaction may exhibit the so-called non-reciprocal phase transition [1] to a time-dependent
phase where the order parameter exhibits a persistent many-body ‘chase-and-runaway’ dynamics.
Although ubiquitous in classical active systems, implementing such non-reciprocal interactions in solid-
state systems has remained challenging, as the known quantum schemes require precise control over the
system on a single-site level. In this talk, we propose a novel dissipation-engineering protocol to induce
non-reciprocal interactions in solid-state platforms with light [2]. Focusing on magnetic metals for
concreteness, we show microscopically that a light injection that introduces the decay channel to a
virtually excited state gives rise to non-reciprocal interactions between localized spins (Fig. 1). One can
even realize a situation where spin A tries to align with spin B but the B tries the opposite, resulting in a
chase-and-runaway dynamics.
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Applying our scheme to layered ferromagnets and noncollinear antiferromagnets, we show that a non-
reciprocal phase transition from a static to a many-body time-dependent chiral phase emerges (Fig. 2).
We see a signature of noise-induced symmetry breaking, which we attribute to the property that non-
reciprocally interacting system has a direct analogy to geometrically frustrated systems [3]. We estimate
that the required power for their emergence is within the reach of current state-of-the-art experiments.
Our work paves the way to bring photo-excited solid-state platforms to the realm of non-reciprocal
science.

References

[1] M. Fruchart, R. Hanai, P. B. Littlewood, V. Vitelli, Nature 592, 363(2021).
[2] R. Hanai, D. Ootsuki, R. Tazai, arXiv:2406.05957 (2024).

[3] R. Hanai, Physical Review X 14, 011029 (2024).

*  Acknowledgement(s) : RH was supported by a Grant-in-Aid for Research Activity Start-up from JSPS in Japan (No. 23K19034) and the National
Research Foundation (NRF) funded by the Ministry of Science of Korea (Grant No. RS-2023-00249900). DO was supported by a Grant-in-Aid for
Early-Career Scientists from JSPS in Japan (No. 21K13882). RT was supported by a Grant-in-Aid for Early-Career Scientists (No. 22K14003) and
for Research Activity Start-up (No. 20K22328) from JSPS in Japan.



77
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Well-controlled light fields have recently been applied to coherently control electron dynamics in solids
and at nanostructures [1,2,3]. In solids, this allows for femtosecond-fast current injection caused by sub-
cycle-controlled interferometry[1,2], while in nanostructures, light-field-controlled electron emission
allows for attosecond-fast gates to perform electric field sampling[3], the analog of a petahertz
oscilloscope. More recently, it has also been demonstrated that the periodic interaction of light fields
with solids enables the generation of new out-of-equilibrium states, so-called Floquet states, with novel
optical and electrical properties. In this talk, | will focus on the Flogquet engineering of excitons, which
are quasiparticle electron-hole correlated states. We apply intense mid-infrared laser pulses below the
optical bandgap to excite excitons in monolayer tungsten disulfide and track the absorption features
using time-resolved transient absorption spectroscopy. Our transient absorption signal reveals a large
blue shift of ~140 meV and the formation of a virtual absorption feature below the 1s-exciton resonance,
which we assign to a light-dressed sideband from the dark 2p-exciton state. This feature is separated by
the energy of one photon, and its location depends on the laser wavelength.
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Fig. 1 Transient absorption spectra of strongly driven excitons in monolayer WS,: a Outline of the
experiment. A mid-infrared pump pulse drives coherent exciton dynamics in monolayer WS,, and a visible probe
pulse records the light-dressing effects in its transmission spectrum. b Transient absorption spectra of
monolayer WS, under various mid-infrared wavelengths. The measurements have been performed at room
temperature, with a peak field strength of 1 VAnm. The positive delay corresponds to the visible probe pulse
following the MIR. ¢ Model simulations for Floquet engineering of excitons. An effective two-dimensional potential
for excitons and the associated energy levels. An external laser field can excite internal resonances of excitons,
such as the 1s-2p transition, and drive the exciton wavepacket into the quasi-free region of the  potential.

Together with quantum-mechanical simulations, supporting the experimental results, we confirm that
the dressed state is a Floguet replica.
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CO, activation by solvated electrons at the

Amorphous NH5/Cu(111) interface
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Understanding CO, reactivity is crucial; the amount of CO, in the atmosphere continues to rise with no
imminent peak in fossil emissions in sight [1]. Previously, solvated electrons (esolv) have been suggested
to activate CO,, i.e. forming CO, radicals that can then lead to cascade hydrogenation steps [2].
However, the fundamental rate of CO, activation as well as transient reaction intermediates remain
unknown. With time-resolved two-photon photoemission and the amorphous NH3/Cu(111) interface, we
can study the energetics and dynamics of esorv On femtosecond timescales [3]. Here, the electrons are
localised at the surface and their lifetime depends exponentially on NH3; coverage. On an ultrafast
timescale, we can now use esorv to decipher the fundamental rate and steps of CO, activation. Figure 1b,
shows the decreasing solvated electron lifetime with increasing CO, exposure. We observe a systematic
decrease in the esolv lifetime as CO; is added and conclude that CO, opens a new decay channel for esoly
[4], in addition to the decay back to the copper substrate. By varying the coupling to the copper substrate
via the NHj thickness, we can then test this kinetic model and extract the fundamental rate of CO,
activation. This allows us to determine that the rate of ey, attachment to CO, occurs on a 10s of
picoseconds timescale [4]. Additionally, increases in the work function serve as indicators of possible
reactions. Both electron attachment to CO; or activated CO, -which has a dipole moment- would lead to
a surface dipole, as illustrated in Figure l1a. In fact, as shown in Figure 1c, for thick NHs films (i.e. with
slow decay to copper) we see a much larger increase in the work function than for thin NH; films, where
the solvated electrons are not long lived enough to react with CO,.
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Fig. 1 (left to right). a- schematic of the NH/Cu(111) system and illustration of the two proposed decay  channels
upon CO, addition. Upon electron attachment the CO, molecule becomes bent and has a dipole  moment;
b-population decay traces of the solvated electrons for increasing CO, exposure. Fits to the data are single
exponential decays. We see quenching of the solvated electron signal with increasing CO, exposure; c-
normalized work function with increasing CO, exposure for i. a solvated electron which is long lived enough to
react with CO, and ii. a solvated electron with lifetime shorter than the proposed reaction with CO,.

In future work, we plan to XPS to investigate the core levels of CO, as this could enable us to gain
temporal information about the CO, molecule, and possible reactions with NHs.
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Light control of quantum matter:

Floguet engineering and metastable states
J.-N. Herre, D. M. Kennes
RWTH Aachen University, 5206 Aachen, Germany

Engineering novel quantum states of matter and controlling them on an ultrafast timescale has become a
major research area of condensed matter physics [1]. A lot is still unclear and requires novel theoretical
(analytical and numerical) tools that go beyond the well-established ways of studying equilibrium
quantum physics. In this talk we will discuss advances on two pathways of achieving full light control of
quantum materials. First, we will show how to Floquet engineer long lived prethermal states far from
equilibrium and how to efficiently simulate them assuming a classical light source [1]. Then, we will
continue to discuss quantum Floquet engineering of Andreev bound states in a cavity [2]. Finally, we
will present numerical progress in accessing metastable states by means of Dynamical Mean Field
Theory (DMFT) [3]. In the first part, we consider a periodically driven system of spinless fermions.
Performing a time-dependent gauge change we trade the time dependency for a breaking of translation
invariance. This problem is known as Stark many-body localization. We simulate the dynamics of this
system that shows long-term memory even at infinite temperature, allowing for a prethermal Floquet
state (Fig. 1, left panel). We introduce a new variant of continuous unitary transformations called tensor-
flow-equations (TFE) as a multi-purpose tool to obtain an approximated full spectrum of both
translation-invariant and disordered quantum-many-body systems, enabling the study of far-from-
equilibrium dynamics both in 1D and 2D. In the second part, we quantize the light field and investigate
the hybridization of a superconducting chain featuring Andreev bound states at the normal-
superconducting interface with a single cavity mode. Bound-state compounds are uniquely suited to
form polaritons when placed in a photonic environment, e.g. a cavity. We quantum Floquet engineer the
system to display several polaritonic signatures, indicating the formation of Andreev bound state
polaritons. The formation of the Andreev bound state (inner peaks) together with Floquet sidebands
(outer peaks) are shown in the right panel of Fig. 1.
. Fig. 1. Left: Infinite temperature dynamics of
prethermal stable states in one and two
spatial  dimensions, computed with TFE,
tDMRG and exact diagonalization (ED). A
non-zero value of C(t) indicates memory of
ow | the initial state. Different system sizes L and
———————— frequencies/field strengths yare shown. Right:
=% Andreev bound state and Floquet sidebands in
i - ———————the local density of states due to coupling to a
| = Ev2ie WU AN, TV S - wip cavity. Different coupling strengths ¢ and
ddisiinie ———  system sizes L are shown.
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In the last part, we show how to achieve access to metastable states in correlated systems. To assess the
formation of metastable states, we aim to establish a microscopic framework for equilibrium free-energy
landscapes in quantum materials featuring electron-electron and electron-phonon interactions. A key
ingredient are Landau functionals derived from DMFT calculations, capturing the interplay between
various types of order and their coupling to external control parameters.
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Fig.2. DMFT Phase Space Extension method for

the single-orbital Hubbard model.  Upper panel: g
Double occupancy curve for 1/T = 64 including the ——t
unstable solution present during the Mott =]
transition.Lower panels: Landau free energy
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At the core of this effort is the integration of equations of state to construct free-energy landscapes. For
this purpose, we extend the so-called phase space extension method [5] to multi-orbital systems. Results
for the single-band Hubbard model (Fig. 2), show how one can resolve the free energy landscape at each
step of a sweep through the Mott transition at half-filling.
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Out-of-equilibrium dynamics of the optimally doped Bi2212
Superconducting cuprate by ultrafast

Time resolved Raman scattering
L. Gatuingt*, A. Alekhin!, N. Nilforoushan!, S.Houver®, A.Sacuto’, G. Gu? Y. Gallais'
! Université Paris Cité, 75013 Paris, France
2 Brookhaven National Laboratory, Upton, NY 11973, USA

Despite extensive studies of the out-of-equilibrium dynamics of cuprate superconductors [1,2], there is
still no consensus on several key aspects. This includes the recombination mechanisms and whether the
recovery dynamics is dominantly thermal or not. Time-resolved Raman (tr-Raman) spectroscopy is a
promising technique to explore the dynamics of correlated materials. Here, we used tr-Raman on the
cuprate Bi2212 to track the excitation and relaxation of both quasi-particles and superconducting (SC)
condensate initiated by a 1.2eV pump with sub-picoseconds time resolution. By choosing adequate
polarizations of the incident and scattered light, we access the nodal and anti-nodal regions of the
Brillouin zone allowing to explore potential dichotomy in their dynamics. In the anti-nodal region, we
could directly follow the destruction and recovery of the SC condensate (Fig. 1, Green curve) and
compare it to the Drude response of photo-induced Bogoliubov quasi-particles (Fig. 1, Black curve).
Using Raman thermometry, we show that a thermal model, which describes the transient state as a
sequence of equilibrium states at a given temperature, does not apply. Instead, we find that the
thermalization of Bogoliubov quasi-particles (Fig. 1, blue curve) occurs significantly faster than the SC
condensate recovery.
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Our results point to a non-thermal transient state where a depleted SC condensate coexists with a
population of cold quasi-particles
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Non-equilibrium energy flow among electrons and phonons in

Ultrathin Pb films on S|(111) where the heck is the energy?
C. Brand', M. Tajrkl T. Witte', L. Rettig?, B. Sothmann®, U. Bovensiepen®, M. Horn von Hoegen*
Universitat Dwsburg -Essen, 47057 Duisburg, Germany
2Frltz Haber-Institut der Max-Planck- Gesellschaft 14195 Berlin, Germany
%Center for Nanointegration (CENIDE), 47048 Duisburg, Germany

The pathways of flow of energy subsequent to an impulsive optical excitation through various degrees
of freedom of the electronic and lattice systems were studied for ultrathin lead films on Si substrates.
The response of the electron system is determined through time-resolved photoelectron spectroscopy
[1]. The lattice excitation is followed by means of the Debye-Waller effect in ultrafast reflection high-
energy electron diffraction [2,3]. Both methods are highly surface sensitive and provide information on
the dynamics of the Pb film only. Epitaxial 5 monolayer thick Pb films on Si(111) were grown by
molecular beam epitaxy [4]. The sample is optically irradiated by fs-IR laser pulses of 80 fs duration at
1.5 eV photon energy. The Schottky barrier between Pb film and Si substrate inhibits charge transfer.
The very low thermal boundary resistance Gepsi 0f the Pb/Si interface hinders dissipation of the
structural excitation which is then conflned to the Pb film [5]. The Pb films were excited at an absorbed
energy density of up to @ = 100 J/cm®. Due to the large direct bandgap of Si the substrate gets only
barely excited.

Photoemission intensity mabs =100 J/cm?

T — 2105 ] O %0k Fig. 1. Time-resolved PES for a 5 ML Pb film at @y

= 100 J/cm3 and T,=80 K Left: Gaussian-filtered
photoemission intensity as a function of energy E
above Eg and of time delay At. Right: photoemission
spectra and corresponding fits before and after fs
laser excitation for different time delays.
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time delay At (ps) E - EF (eV)

The transient temperature of the electron system in the Pb film is determined from the slope of the Fermi
Dirac distribution of the excited electron system as shown in Fig. 1. We observe thermalization of the
electronic excitation in less than 200 fs to a maximum temperature of 1140 K and cooling in 1.4 ps. The
electronic heat AQe decays even faster in only 0.5 ps. The lattice exhibits a completely different
temporal dynamic. The intensity of the Bragg spots decay — depending on excitation density — slowly in
3.5to 8 ps as is shown in Fig. 2 RHEED, intensity
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Fig. 2. URHEED on 5 ML Pb on Si(111). Left:
RHEED pattern at To =19 K. Right: Transient
intensity drop 1(At)/1(T,) of the (00) spot for
different absorbed energy densities @, The solid
lines give exponential fits to the intensity drops, i.e.,
the increase in vibrational displacements. The
temporal response function is shown as a cyan
Gaussian.
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This drop of intensity can be converted through a Debye-Waller analysis to an increase in lattice
temperature T by ATmax =10 K to 72 K depending on the absorbed energy density of ®dq,=11 to
80 J/cm®. The different time scales of evolution of electron temperature and lattice temperature leaves a
time gap of 3 -7 ps, where the energy is hidden to our analysis. Here, we propose that the energy is
transiently stored in high-frequency phonon modes for which diffraction is insensitive [6]. These high
frequency phonons are excited by strong electron phonon coupling in 0.5 ps. Within a three-temperature
model as sketched in Fig.3 we use three heat baths, namely electrons, high-frequency and low-
frequency phonon modes to simulate the observations and thus providing the coupling parameters
among the sub-systems. The direct excitation of low frequency phonons is strongly suppressed and only
facilitated through anharmonic phonon-phonon coupling from high to low frequency phonon system.
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This model is supported by the fluence dependence of the excitation time constant, since a faster
excitation of the low-frequency phonons is observed for higher fluences. Quantitative experimental
access to the temperature of the high frequency phonon subsystem is provided through the slow drop of
temperature of the electron system on longer time scales t> 3 ps as shown in Fig. 3 which is strong
support of the proposed model. Equilibration among the phonon system, i.e., among high and low
frequency phonons, takes up to 80 ps as derived from the temporal shift of the transient minimum of
diffracted intensity as function of absorbed fluences.

Fig. 3. Three-temperature model fit. Left: Sketch

i TR URiEEDep —amiry | of the energy flow between the electron and phonon
i 3801 1 3 N :Jerl;E'%E"?QS'm :gm ;r subsystems and their coupling parameters. Right:
; F «lf 1 ‘e UPEST, R 3TM as solid lines for transient electron
\1% /ﬁi® F . e] M \ = temperature T (blue), and lattice temperature for
g s g RPN 150 high-frequency phonons Ty (red) and low-
i G z £ : '{/ h"“*m-._._h* o gen?| 2 frequency phonons Ty (green), and excess
vl g4 \J.-., et =T electronic heat AQg (blue dashed line) as fitted to
@ £ a5 |l e T g the experimental tr-PES data (bluish to reddish
: 2l | £ symbols) and corrected URHEED data (dark green
i @ } ] ¥ dots). The transient electron temperature T, at
N At > 3 ps serves as a measure of the high-frequency
59700 30 s0 a0 w0 1o mo _ Pphonon temperature Ty after thermalization of
time delay At (ps) electrons and high-frequency phonons.

This disentangling of the complex non-equilibrium energy flow through a multitude of subsystems, that
go far beyond a simple two-temperature model, was only made possible by the combination of electron
spectroscopy and diffraction. We are convinced that such non-equilibrium steps of energy flow through
different electronic and phononic subsystems are universal for many material systems.
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Ultrabroadband mid-infrared nonlinear optics driven by a Cr:ZnSe
Chirped-pulse amplifier
K.-H. (Kyle) Hong
Massachusetts Institute of Technology, Lexington, MA 02420, USA

High-peak-power femtosecond laser sources with an ultrabroadband spectral span in the mid-infrared
(mid-IR, ~2—15 pum) spectrum have various applications, such as spectroscopic detection of chemicals,
studies of ultrafast dynamics, and driving strong-field laser-matter interactions. Transition-metal-doped
I1-VVI materials, such as Cr:ZnSe, Cr:ZnS, and Fe:ZnSe, are found to be a suitable choice for direct
lasing in the mid-IR with broad wavelength tunability and ultrashort pulse generation in the range from
2 to 5 um of wavelength. This paper focuses on our experimental efforts in ultrabroadband nonlinear
optics using a 2.4 um, 250 fs, 1.2 mJ Cr:ZnSe chirped-pulse amplifier (CPA) at a 1 kHz repetition rate.
We present 1) the high-energy mid-IR laser filamentation in solids with supercontinuum generation
(SCG) [1], 2) the highly efficient, octave-spanning mid-IR optical parametric amplification (OPA) [2],
and 3) a power-scaling strategy based on a multipass Cr:ZnSe amplifier and a multi-channel mid-IR
coherent beam combiner concept [3]. First, we have investigated strong-field mid-IR laser beam
propagation in solids and demonstrated high-energy laser filamentation with multi-octave-spanning SCG.
The SCG is studied in both anomalous and normal dispersion regimes with YAG and polycrystalline
ZnSe, respectively. The formation of stable and robust single filaments along with the visible-to-mid-IR
SCG is obtained with a pump energy of up to record-high 100 pJ in a 6-mm-long YAG medium (Fig.
1(a)). On the other hand, the SCG and even-harmonic generation from random quasi-phase matching are
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simultaneously observed from the single filaments in a 6-mm-long polycrystalline ZnSe medium with a
pump energy of up to 15 pJ (Fig. 1(c)). The numerical simulations reveal the temporal structure of mid-
IR filaments, such as soliton-like self-compression in YAG (Fig. 1(b)) and pulse broadening in ZnSe [1].
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Fig. 1. SCG spectrum from mid-IR laser filament in YAG (a), the simulated temporal profile (b), and SCG spectrum
in ZnSe (c); SHG: second-harmonic generation.

Second, ZnGeP, (ZGP) is suitable for high-energy mid-IR OPA pumped at ~2—3 um wavelength due to
its broad transparency range, favorable phase-matching conditions, and high damage threshold. We have
built a mid-IR ZGP OPA setup, pumped by the 2.4 um Cr:ZnSe laser. The full spectral coverage of
3—10 um with the amplified signal and idler beams is demonstrated, as shown in Fig. 2. The signal beam
in the range of ~3-5 um is produced by either SCG in YAG (Fig. 2(a)) or optical parametric generation
(OPG) in another ZGP (Fig. 2(b)) using the common 2.4 um pump laser.
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The pulse duration of signal pule is measured to be ~330 fs for both cases. The idler pulse for OPG-
seeded case is partially coherent to the pump pulse while that from SCG is fully coherent to the pump.
We obtain a pump to signal and idler combined conversion efficiency of record-high 23% in this mid-IR
range and the pulse energy of up to 130 wJ with ~2 uJ OPG seeding [2]. The OPA output energy is
limited by the available pump pulse energy and therefore further energy scalable with multi-stage OPA
and higher pump pulse energy. Addition of a multipass Cr:ZnSe amplifier chain can boost the peak
power of the 2.4 um pulses to 10 mJ, 100 GW level, which is high enough for forming mid-IR laser
filaments in air. These high-energy pulses can pump OPA for generation of multi-mJ mid-IR pulses in
the range of 3-10 um. In addition, the peak power of ~5-14 um idler pulses can be scaled to tens of GW
with an OPA-based coherent waveform synthesis concept [3] if we use several nonlinear crystals, such
as CdSiP,, ZGP, and GaSe, in multi-channel OPA. In summary, we demonstrate and propose high-peak-
power ultrabroadband mid-IR sources based on nonlinear optics pumped by a high-power femtosecond
Cr:ZnSe CPA system.
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Ultrafast decoupling of polarization and strain in ferroelectric BaTiO,
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The ability to switch ferroelectric polarization is crucial for technological applications, and optical
control over this property could drive the development of next-generation nonvolatile memory and
optoelectronic devices [1]. However, achieving stable and reversible all-optical polarization switching
remains elusive [2]. Strain engineering, enabled by precise sample design [3,4], has been used to fine-
tune the spontaneous polarization by leveraging its proportionality to the strain via the piezoelectric
effect. However, this approach is hindered by complex sample growth and the inability to achieve
ultrafast modulation. Other methods, such as photocarrier redistribution at the interface of a 2D layer
and ferroelectric BaTiO,, have induced polarization switching without reversibility [5], while THz light
has enabled reversible switching, though only transiently and at high fluences [6]. In this study, we go
beyond strain engineering and demonstrate a novel light-induced approach to polarization control using
a combination of time-resolved X-ray diffraction (tr-XRD), time-resolved optical second harmonic
generation (tr-SHG), and time-resolved optical reflectivity (tr-refl) [7]. Upon above-bandgap UV laser
excitation of the prototypical ferroelectric BaTiO,, we observe an ultrafast decoupling of polarization
from strain (Fig. 1). During this process, the polarization, indicated by SHG intensity (Fig. 1a), is
primarily influenced by the photoexcited electrons, as shown by the reflectivity (Fig. 1b), rather than by
the strain (Fig. 1c). Additionally, we observe the softening of Ti-O bonds due to charge transfer from
oxygen to titanium, which reduces the displacement between Ti and the oxygen octahedron, leading to
decreased tetragonality. Fundamentally, our findings go beyond the Landau-Ginzburg-Devonshire
framework by revealing an out-of-equilibrium polarization-strain decoupling and identifying its
underlying physical mechanisms [7].

Fig.1.Photoinduced  ferroelectric
polarization, electron, and strain
———————— dynamics in ferroelectrics BaTiO;
under 266 nm optical excitation.
a) Relative change of SHG Algy/
56,0 and b) reflectivity AR /R, as a
function of pump-probe delay t and
their corresponding fit curves, with
the sketch of tr-SHG and tr-refl
setup in the inset. c) Relative
change of the average strain 77(t) of
the BaTiO; thin film as a function of
pump-probe delay t and its
corresponding fit curve, with the
sketch of the BaTiOs unit cell, the
out-of-plane lattice parameter in the
ground state ¢, , the relative
displacement A;;_, of the Ti atom
from the center of the O octahedron,
the  spontaneous  ferroelectric
polarization P,, the incident and
_ c diffracted XFEL beams as a
= 0.1 1 ol o N . function of pump-probe delay t.
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From an application perspective, this excited state is expected to have a lower energy barrier to
polarization switching, which could be stably and reversibly enabled by further excitation with THz
light. Given the broader relevance of our findings, this method could extend to multiferroics, where
simultaneous control of ferroelectric polarization and its decoupling from strain could facilitate optical
manipulation of magnetization, paving the way for full optical control of these complex materials.
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Measuring the non-equilibrium electronic structure of

Phonon-driven 2D materials
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Quasi-periodic driving of solids with tailored light fields has emerged as a promising pathway for non-
equilibrium materials design. To bring this approach to the next level, tailored driving schemes targeting
specific degrees of freedom need to be combined with ultrafast probes of the atomic and electronic
structure. We combine pump pulses tunable all the way from the Terahertz to the visible spectral range
with a time-a and angle-resolved photoemission (trARPES) probe to gain access to the transient
electronic structure of driven materials. We recently implemented a narrow-band, strong-field Terahertz
source [1] that allows for the selective excitation of phonon modes in materials with strong spin-orbit
coupling and extreme ultraviolet probe pulses with tunable pulse duration to trace band structure
dynamics on sub-cycle as well as cycle-averaged time scales.
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In this talk, we present proof-of-principle experiments on graphene and show the transient electronic

structure of WS, driven at resonance to the E;, phonon mode. We discuss and analyze possible changes
of central features like the valence band spin splitting.
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Interferometry is a fundamental technique in physics which enables precise measurements through the
interference of waves. High-harmonic generation (HHG) in solids has emerged as a powerful
approachfor probing ultrafast electronic dynamics within crystalline structures. The transient change of
the optical properties of transparent solids has been studied by spectral interferometry yielding
information on the dynamic modification of the refractive index during ultrafast light-matter interaction.
The concepts of solid-state HHG and interferometry have been merged to characterize the intensity-
dependence of the dipole phase [1], i.e. the phase accumulated by an electron wavepacket during its
excursion in an interband, recollision-like HHG process. Identified intensity-dependent dipole phase
variations were attributed to changes in the nonlinear polarization. In another study, a Mach-Zehnder
interferometer was employed to track the real-time dynamics of Floquet states in WSe, [2]. Here we
employed extreme ultraviolet (XUV) high-harmonic interferometry with phase-locked pulse pairs to
investigate excitation-induced bandgap dynamics in solids

IPID], ¢TNIR-N1R — TXUV-XUV
) ‘o BS
CWmwn # NIR HHG XUY
T m '*'.'llllll.'v 4| TM XUV spectrometer
LPWP| < + \_
NIR Caml
3.21s
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Fig. 1. Experimental Setup. A near-infrared (NIR), few-cycle laser pulse was split into two identical copies and
focused into a bulk solid sample. The resulting phase-locked extreme ultraviolet (XUV) pulse pair was analyzed
with the help of an XUV spectrometer, while the fundamental near-infrared beam was analyzed with a near-
infrared spectrometer. LP: Half-wave plate, WGP: Wire-grid polarizer, CW: Continuous wave stabilization
laser, PID: Proportional-integral—differential controller, Cam 1: CMOS camera, BS: Beam splitters, TM: Toroidal
mirror, VLG: Variable line-spacing grating, MCP: Micro-channel plate + phosphor screen, Cama2:
CCD camera.

Our experiments on amorphous SiO, and crystalline MgO, augmented by analytical modeling and
semiconductor Bloch equation simulations, reveal a correlation between transient bandgap modifications
and variations in the phase of harmonic emission. These findings suggest a potential pathway for sub-
cycle, all-optical control of band structure, advancing prospects for petahertz-scale electronic
applications and attosecond diagnostics of carrier dynamics.

In our experiments, we investigated the XUV spectral interferometry signal obtained from amorphous
SiO; and crystalline MgO. For both materials, we observed odd harmonics of orders five to nine. A
representative high-harmonic interferogram for fifth and seventh harmonic obtained with an NIR-NIR
delay of 30 fs in MgO as a function of intensity is shown in Fig. 2 (a). A well-defined interference
pattern, consisting of periodic minima and maxima, is visible for both detected harmonics (labelled H5
and H7) and for all intensities. By progressively increasing the intensity of both pulses, we aimed to
assess how the interaction of the first NIR pulse with the sample influences the subsequent interaction
between the second NIR pulse and the sample. This influence manifests as a shift in the minima and
maxima observed in the interferometric spectra, reflecting a phase shift between the two generated
phase-locked XUV fields. To quantify the phase shift for a given intensity distribution. The result of this
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analysis are shown in Fig. 2(b), where the resulting phase shift is visualized as a functlon of the NIR
peak intensity for the three observed harmonics. At high intensities above ~15 TWem 2, a substantial
shift of the interference pattern towards higher energies (blueshift) was observed. Surprlsmgly, for the
SiO, sample an inverse trend was observed: the interefometric fringes were shifting towards lower
energies (redshift) with increasing intensity.
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To explain the above findings, we have used two approaches: semiconductor Bloch equations (SBES)
and density function theory. We numerically solved the SBEs in a two-band tight binding approximation
for cubic MgO along the I'-X direction. In addition, we used density functional approach within the
adiabatic local density approximation. The comparison of density function calculations in pristine and
strongly-perturbed MgO reveals that due to state-blocking, the energy gap between the highest lying
valence band state and the lowest-lying conduction band state increases steadily as a function of the
carrier concentration [see Fig. 3(a) and (b)].
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Further, we have have employed an additional analytical, semi-classical model for the calculation of
HHG in solids, calculating classical trajectories within a two-band system under the assumption of low
carrier inversion. Results of this approach are presented in Fig. 3(d). A seemingly linear relationship
between the shift of the interference pattern and the bandgap variation can be observed in a qualitative
agreement to the experimental results shown in Fig. 2.

In conclusion, we have expanded high harmonic spectroscopy of solid-state systems to XUV spectral
interferometry, a technique previously limited to gas phase and molecular systems. We analyzed the
intensity-dependent variation of the high-harmonic phase using XUV spectral interferometry and
correlated our experimental results with the transient alteration of the electronic structure. We observed
bandgap shrinkage in the amorphous case and bandgap widening due to state blocking in the crystalline
case. The experimentally observed differences were related to the distinct nature of the photoinduced
bandgap dynamics and the consequent dipole phase dynamics.
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Since the early 1990s, the relaxation dynamics of superconducting (SC) quasiparticles have been
reported extensively [1]. In contrast, the generation processes have not been directly captured, despite its
great importance as a driving mechanism of superconducting photo-sensors used in quantum optics. In
fact, no measurements with a time window less than 100 fs have been made at T<T. , although, many
ultrafast (> 1 ps) measurements have been performed in the THz range near the SC gap. However,
electronic phase transitions in strongly correlated systems are characterized by a broader spectral range
covering several eV [2, 3]. In view of this situation, we have performed transient reflectivity (A R/R)
measurements in optimally-doped SC YBCO (YBa,CuszOy (Tc~92 K)) using a near-infrared 6 fs pulse
(0.5 -1 eV) and a conventional 100 fs pulse (0.1-4 eV). Fig. 1 shows transient reflectivity spectra
measured by 100 fs pulses at 11 K (Pump (0.89 eV) and probe pulses polarization parallel to the a axis
(Epulla, Eprlla), excitation intensity lex= 0.05 mJ/cm?).
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4
Fig. 1. Time dependent transient reflectivity (A R/R)
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A R/R spectrum is characterized by a positive (red) peak at 1.1 eV, a negative (blue) dip at 1.9 eV, and a
broad negative tail toward 4 eV. These spectral features are observed only in the SC state and are
different from those at 300 K. Steady state optical conductivity spectra have been analyzed by the
Drude-Lorentz (DL) model [4, 5]. In the DL analysis, the Drude component, a mid-IR absorption
(peaked at 0.1 eV with broad tail in the high energy side), an intraband transition (1.5 eV) and interband
transitions (1.9, 2.9, 4.9, 6.07 eV) are considered to reproduce the steady state R. To reproduce the A
R/R spectra, we have to consider the spectral weight transfer from the interband (1.9 eV and 2.9 eV)
transitions mainly to the intraband (1.5 eV) and mid-IR absorption, in addition to the increase in
scattering rate for all transitions. This is in contrasts to the main contribution of the increased scattering
rates at room temperature. We also made A R/R measurements using 6 fs pulses. The spectral weight
transfer and increased scattering rate were characterized on time scales of 90 fs and < 10 fs, respectively.
Considering that the i) 1.9 eV band and ii) mid-IR abs. are respectively attributed to the i) Zhang-Rice
singlet to nonbonding orbital and ii) spin-related bad metal [6], 90 fs is suggested to be the relaxation
time of the charge-spin coherent state. On the othre hand, < 10 fs is understood as a purely electronic
coherence time.
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Probing spin-injection in Bi,Sb, based topological insulators in
Time domain via THz-TDS spectroscopy: from

Epitaxial growth to sputtered structures
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Spin-to-charge conversion (SCC) in femtosecond laser excited magnetic heterostructures may generate
high efficiency and wide-bandwidth terahertz emission with a magnetically controllable polarization
state [1]. The origin of this THz emission has been assigned to the generation of a spin-polarized current
and subsequent conversion of the spin current to a transverse charge current [2]. Two main SCC
mechanisms are generally involved: the Inverse Spin Hall Effect (ISHE) and the Inverse Rashba-
Edelstein Effect (IREE). The discovery of metallic quantum states at the surface of 3D topological
insulators (TIs) has opened exciting new functionalities owing to their time-reversal symmetry property
and their spin-momentum locking (SML) properties. The resulting SCC combining strong spin-orbit
coupling (SOC) and SML is expected to be enhanced compared to the spin Hall effect (SHE) of heavy
metals. SCC has been demonstrated in a range of Bi-based T1 compounds, including bismuth selenide
Bi,Ses, bismuth telluride Bi,Tes, Bix(Se,Te)s or BiixSby (BiSb) [Fig.1]. To benefit fully from IREE, the
charge currents should be confined in the surface states and any current flowing through the bulk states
should be avoided.
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Fig.1 (left). Electronic band structure of BiggsShg 15(5nm) epitaxial layer acquired by Angular Resolved Photo-
Emission (ARPES) at room temperature (a) Fermi surface density of states (DOS) (b) Energy dispersion along the
I+ K line of the 2-dimensionnal Brillouin zone (c) spin-polarized DOS projected onto the Fermi surface showing
the spin-chirality (d) and the two dimensional orbital projection onto the Fermi surface (white arrow).
(Right): THz-TDS emission time trace measured on Co/BiygsShg15(5nm) intersurface showcasing ultrafast spin-
charge conversion (SCC) and compared to state of the art Co/Pt bilayers.
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In this talk, I will report particularly on our detailed investigation of the surface state SML properties of
ultrathin (111)-oriented BiyxSby epitaxial films. They exhibit a topological phase as recently confirmed
by angular-resolved photo-emission spectroscopy (ARPES) [3] and mainly in-plane spin texture as
shown by spin &angular resolved photo-emission SARPES. SCC mediated by the BiSb surface states is
probed at the sub-picosecond timescale. Unprecedentedly large SCC is measured with efficiencies
beyond the level of carefully optimized Co/Pt systems. | will present our more recent results dealing
with the fabrication of sputtered BiSb materials giving rise to very efficient spin-charge conversion [4]
in the time domain at the level of up-to-date best bilayers spintronics emitters.

The last part of my talk will be devoted to the discussion and comparison between fully epitaxial and
sputtered Bi;xSbhy materials synthesized at laboratory.
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Spin dynamics in CoF,
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Strong coupling between magnetism and structure is a feature of many important materials. In order to
explore the possible opportunities this gives for new ways to manipulate material properties, we have
performed experiments using ultrafast x-ray diffraction and spectroscopy to better understand how this
coupling manifests in ultrafast dynamics in CoF,, a model system for piezomagnetism. Cobalt difluoride
(CoF,) has a tetragonal rutile structure with paramagnetic properties at room temperature. On cooling
below Ty = 39 K it becomes antiferromagnetic with strong piezomagnetism [1-4]. Recently ultrafast
optical experiments have shown some unusual consequences in the response of this system to strong
excitation. In one such work Disa [5] report that direct excitation of an infrared-active vibrational mode
at 12 THz induces what appears to be a metastable ferroelectric phase that persists on a time scale of
several hundred picoseconds. In another report Mashkovich et al. [6] drive using lower frequency THz
light a magnetic-dipole-active resonance near 1 THz and observe nonlinear coupling to a B4 vibrational
mode at 2 THz. Both of these observations indicate that the strong dynamical interaction of the
magnetic order with the lattice mirrors the piezomagnetic phenomena observed in equilibrium, and are
postulated to arise from dynamic modulations of the crystal field splitting of the Co 3d orbitals. By
performing direct measurements of the lattice and spin dynamics of CoF, using x-ray diffraction and
spectroscopy with femtosecond time resolution in response to strong THz driving, we show that the
resonance near 1 THz, while driven by magnetic-dipole interaction, has in addition to a spin component
a large vibrational component due to the large spin-orbit coupling in CoF.
Fig.
1. Schematic description of the spin angd
g ) . & atomic displacements of the involved modes.

The unit cell of CoF; is shown in the ab plane,

with red circles indicating Co and blue circles

O. Green arrows indicate the direction of the

= 2 Co ion spins that are in equilibrium along the

3 c-axis. Our data indicate that the E; magnon

at 1 THz (spin displacements shown by grey

arrows) is hybridized with O atomic

displacements atlong the c-axis with the same

L] L ° L] —

symmetry (yellow arrows).This hybrid mode
couples to the B;; mode shown on the right,
Big (v=1.95THz) where displacements of the O atoms are
E, (v=1TH) shown by black arrows.

We also confirm using time-resolved XMCD the magnetic component of this resonance. This low-
frequency excitation directly driven by the THz pulse is thus best considered as a hybrid excitation of
vibrational and spin motion analogous to electromagnons, which are typically defined as electric-dipole
active excitations with significant spin components. Our measurements also quantify the amplitude of
the Big mode that is driven indirectly, and suggest possible alternative mechanisms for the coupling to
this mode.
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In the presence of strong electromagnetic fields (in the order of TW/m?), electronic states of matter
become non-stationary, leading to energy values that vary over time, known as Floquet states. While
quasi-energy levels can still be defined as the cycle-averaged energy, they often exhibit slight deviations
from the original electronic levels in the absence of light, a phenomenon described by the AC Stark
shift. Additionally, sidebands emerge at energy intervals corresponding to integer multiples of the
photon energy, commonly referred to as Floquet bands. Floquet engineering has attracted much attention
lately as reports show that new states of matter, such as Quantum Hall states in graphene can be
achieved, and the topology of the band structure modified in emerging Quantum Materials. In our work
(to be submitted, 2025) we explore how light-matter interaction influences the energy and spatial
distribution of electronic states. We employ Scanning Tunnelling Microscopy (STM) and Spectroscopy
(STS) under laser radiation focused within a plasmonic nanocavity formed between the STM tip and the
sample surface. This approach leverages the extreme electromagnetic field enhancement occurring in
plasmonic picocavities [1,2,3], particularly in the gap between an atomically sharp tip and a metallic
surface [4,5], achieving field dressing effects with moderately intense (about MW/m?) continuous-wave
lasers. Combining STM with laser excitation offers the unique possibility to investigate and control
light-matter interaction at the atomic scale, which is critical for the development of novel technologies
from diverse branches including quantum computing, optoelectronics, sensing, or catalysis.Recent
studies have invoked photon-assisted tunnelling to explain the emergence of new conductance peaks in
the Field-Emission Resonance (FER) region under laser illumination in STM junctions [6]. Specifically,
the first FER in Ag(111) was observed at a lower bias voltage than required in the absence of laser
illumination, shifted precisely by the photon energy of the laser. In our experiments with a Ag(100)
surface, we replicate these findings for the first FER but also show a crucial distinction: under laser
illumination, the FER peaks corresponding to the dark condition ("dark FERs") remain visible (Fig. 1).

"Bright FERs"

Fig. 1. Light-induced changes in the Field Emission

3.5
_— 0.3 Resonances (FERs) of an STM nanocavity comprised
i of a Ag tip and an Ag(100) sample. By illuminating the
E 25 0-2 & STM nanocavity with a continuous-wave HeNe laser a
g 2.0 ooy o series of new peaks appear in the differential
- S conductance, the bright-FERs. While the first light-
s oo =k Induced FER peak appears at the photon energy below
310 the first dark-FER, the other peaks are separated from
0.5 —0.1 their corresponding dark-FERs by energies that do not
match the photon energy and depend on the laser

power. The existence of sidebands and AC Stark shifts
are characteristic of Floquet physics.

This persistence allows us to detect photocurrent-induced tip-sample modifications via the energy shifts
of the dark FERs, thus providing a means to quantify DC Stark shifts arising from tip-sample distance
variations during irradiation. In this respect, Figure 1 reveals that while dark FER positions exhibit
minimal shifts with increasing laser intensity (indicating that the tip-sample distance changes are small),
the FER peaks induced by illumination shift substantially, demonstrating a nontrivial dependence that is
not strictly set by the photon energy. This behavior suggests that simple plasmon-assisted resonant
tunneling cannot fully explain our observations. Instead, the intense field confinement within the STM
nanocavity appears to induce strong light-matter coupling, dressing the dark FER states with the
electromagnetic (plasmonic) field inside the nanocavity. Moreover, we have thoroughly investigated the
evolution of the FERs under laser illumination with tunneling current, laser polarization, and photon
energy. Our results show that the laser-induced FER peaks can be tuned by altering either the driving
laser parameters or the nanocavity configuration. This controllability points toward the manifestation of
hybrid light-matter (Floquet) states within the STM junction. We thus provide a new platform to study
Floguet physics at the nanoscale, opening avenues for precise manipulation of electronic states in
guantum materials.
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Ultrafast coherent imaging for quantum materials
A. S. Johnson
Instituto Madrilefio de Estudios Avanzados en Nanoci -IMDEA Nanoscience, 28049 Madrid, Spain

Quantum materials can exhibit a wide range of nanoscale textures, fluctuations and dynamics all of
which are key to understand the emergent behavior and properties of these systems. Measuring such
effects has proven to be challenging for a host of reasons, including the short-length scales involved,
rapid timescales for dynamics, and non-stationary nature of the ground state dynamics. Recently
ultrafast X-ray coherent diffractive imaging has emerged as a new method for resolving these dynamics,
combining the high spatial resolution of X-ray imaging with the ultrafast time-resolution of femto to
attosecond pulses from X-ray free electron lasers, with the first measurements of nanoscale domain
dynamics during photoinduced phase transitions reported [1,2]. | will present recent progress on ultrafast
imaging of nucleation and growth dynamics in vanadium dioxide on the nanosecond timescale following
ultrafast photoexcitation from the monoclinic to the rutile phase (Fig. 1).

° 4 Fig. 1. Long time dynamics in vanadium
dioxide measured using resonant X-ray
coherent diffractive imaging at the
Oxygen K-edge following ultrafast
photoexcitation at the PAL XFEL, Korea.
The overall change in transmission is
shown in blue, with the photoexcitation
moment indicated in red, while the inset
images show the measured structure at
indicated times. After initial excitation to
a homogeneous metallic R-phase state we
. . observe subsequent nucleation and
—0.5 ; ; _ 1.5 2.0 growth of monoclinic insulating domains
. over the nanosecond to few microsecond
Time / ps timescale.

Furthermore, as coherent imaging return full-field-of-view images it is significantly more robust to both
shot-to-shot and medium-time scale fluctuations than alternative scanning methods [3], but this is
conventionally considered to be contingent on single-shot or near single-shot acquisition. Recently we
have shown that the interferometric nature of coherent diffractive imaging can actually be leveraged to
disentangle repeatable and stochastic contributions to an X-ray diffraction pattern, allowing tracking of
fluctuations in quantum materials even far from the single-shot limit [4]. It can also be used to track
measure nanoscale X-ray birefringence and isolate non-linear X-ray wavemixing signals enabling non-
linear coherent X-ray imaging [5]. | will present these numerical results and speculate on the future of

ultrafast coherent X-ray imaging for quantum materials.
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Engineering electronic states with polaritonic effects and robust

Floquet drives

F. H. da Jornada
Stanford University, Stanford, CA94305, USA

First-principles formalisms based on many-body perturbation theory and interacting Green’s function
(e.g., the Bethe-Salpeter equation) have been critical in accurately predicting the optical properties of
materials. Part of this success is in their ability to accurately capture both the spectroscopic responses of
various systems and their underlying excitonic wavefunctions — the latter often allowing for an intuitive
rationalization of the excited-state physics in materials. However, these approaches have been largely
restricted to the linear response regime and consider light-matter coupling perturbatively. Here, we
present new first principles, many-body perturbation theory formalisms, and calculations that capture
light-matter effects beyond these regimes. We first introduce a new formalism that captures light-matter
interactions non-perturbatively and captures exciton-polaritons — hybrid states of light and matter [1]. In
particular, we show how polaritonic effects qualitatively change exciton wavefunctions in materials, an
effect we attribute to a change in the electron-hole exchange interactions away from its usual repulsive
nature to an effective attractive interaction when retardation effects are considered. We also discuss
nonlinearities we predict in the optical properties materials, and show that the presence of a large
number of excitons in monolayer MoS,, each with excitation energy Ey, leads to a time dependence of
the electronic self-energy, 6% ~ e'fxt. This, in turn, causes a time-dependent coupling between valence
and conduction quasiparticle states, an effect which can be rationalized within the language of a Bloch-
Floguet effect. Critically, however, this effect occurs even when the external optical pump is no longer
present, and so we denote it as an exciton-driven Floquet effect [2,3]. We also present recent results
from our group concerning the robustness of such Floquet effects when the driving bosic mode is not
coherent [4]. The results suggest the possibility of driving out-of-equilibrium quantum states in materials
using thermallzed internal bosonic modes that may support longer-lived emergent states.
d
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Fig. 1. (a) Spin-singlet polariton spectral function of MgO. The lower polariton (LP) and upper polariton (UP)
branches and transverse excitons (TEs) are highlighted. (b) Modulus squared of the exciton component
associated with the highlighted polariton, with the hole fixed near an O atom. This state is primarily exciton-like
(Icgee]? = 1). (c) Same as (b) but for a photon-like LP, showing the reduction of the exciton Bohr radius and
excitonic character. (d) Simulated single-particle spectral function for monolayer MoS, under the presence a
finite number of coherent excitons. The replica of the valence band and the camel-backed dispersion of the valence

band can be interpreted as an exciton-driven Floquet effect [7]. (€) Computed single-particle spectral function
of a graphene nanoribbon under the presence of a partially coherent external field. Spectral features
associated with the topologically protected edge state, driven by the external field, are still present even with the
presence of disorder.

We conclude by mentioning future ways to understand the coupled flow of electrons and ions and, in
particular, how some of our preliminary calculations allow us to capture photoexcited nuclear dynamics
and their associated optical and vibrational fingerprints [5,6].
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s-d exchange: Key to ultrafast all-optical magnetization control
J. Hohlfeld
Universite de Lorraine, 54506 Vandoeuvre-les-Nancy, France

Optical excitation of thin magnetic films, multilayers and spin valve structures by ultrashort laser pulses
leads to a large variety of different magnetization dynamics ranging from ultrafast demagnetization on
the sub-picosecond time scale to similarly fast helicity-independent all-optical switching of
magnetization (AO-HIS). For thin films, AO-HIS appears to be restricted to Gd-based ferrimagnetic
materials [1,2] and MnRuGa [3]. The complexity of laser pulse-induced magnetization dynamics has
hindered the development of a unified theory capable to describe these dynamics at all relevant length
and time scales. Nevertheless, most of the observed dynamics can qualitatively be explained in terms of
a simple model that describes a ferromagnetic metal in terms of aligned localized moments (aligned by
their mutual exchange) that are exchange coupled to a bath of free electrons [4,5]. Most strikingly, this
so-called s-d- or s-f-model explains the seemingly distinct processes of ultrafast demagnetization and
AO-HIS to be predominated by one single microscopic mechanism - total angular momentum
conserving exchange scattering between localized magnetic moments and conduction electrons. The
model predicts that any non-equilibrium between (the temperatures of) the magnetic moments and of the
conduction electrons leads to angular momentum transfer between both systems which creates a non-
equilibrium spin-accumulation Ap within the electron gas at a rate that is proportional to -dM/dt. Since
the total angular momentum is conserved during this transfer, the observed magnetization dynamics is
governed by the relaxation dynamics of Au. Within the framework of the s-d-model, ultrafast
demagnetization of uniformly heated ferromagnetic films is explained by the fast decay of Au due to
spin-flipping electron-phonon collisions, while AO-HIS in ferrimagnetic Gd-transition metal alloys is
understood in terms of exchange coupling mediated angular momentum transfer between the two
antiferromagnetically coupled magnetizations that results from their distinct individual demagnetization
rates. The s-d-model description of ultrafast magnetization dynamics is most useful to describe optically
induced magnetization reversal in spin valve structures. It seamlessly explains the mutual interaction
between the magnetizations of both layers as the result of angular momentum transfer via the spin
currents that are emitted from both layers during their de- and remagnetization [5,6]. Moreover, since
the de- and remagnetization dynamics that follow ultrashort laser pulse excitation of individual metallic
magnetic layers are understood to result from transient variations of the electron temperature one
expects that they can be controlled by adjacent heat sink layers [7]. In the first part of my talk, I will first
demonstrate the large impact of heat sink layers for all-optical magnetization control by example of the
upper limits for the duration and fluence of laser pulses that lead to AO-HIS in perpendicular GdFeCo
alloys [7]. I will also show that the elimination of the need to maintain perpendicular anisotropy in the
presence of strong demagnetizing fields within in-plane magnetized films significantly enhances the
range of Gd-concentrations suitable for AO-HIS [8,9]. In the second part, | will focus on laser pulse
induced magnetization control in various spin-valve structures. Starting from our initial time-resolved
investigations of a perpendicular spin valve containing a Gd-based ferrimagnetic fixed layer [10], I will
show that spin valves comprising two ferromagnetic layers allow for deterministic magnetization control
via variations of the applied laser fluence [11]. While the switching from the anti-parallel (AP) to the
parallel (P) configuration, observed at high laser fluences, can clearly be assigned to spin current emitted
by the reference layer during its fast demagnetization, the detailed mechanism for P-to-AP switching at
lower fluences remains a matter of debate [5,6,11]. Initial results indicated ultrafast magnetization
reversal within a few hundreds of femtoseconds, thereby favoring a picture where the spin current
emitted by the free layer reverses its polarization upon reflection at the reference layer and, by
reentering the free layer, causes the switch to the AP configuration [6,11]. However, more recent data
indicate a much slower switching speed with a zero crossing on the picosecond time scale. These
findings indicate that the reversal of the free layer is driven by the spin current emitted by the reference
layer during its remagnetization. As for the investigations on AO-HIS, the incorporation of thick heat
sink layers enables to control the magnetization in ferromagnetic spin valves with much longer pulses
[11] and a much wider range of materials can be used as magnetic layers within in-plane magnetized
spin valves.
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Probing driven materials with ultrafast proximate

Magnetometry at the picosecond and nanometer frontiers
G. Jotzu
Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland.

Periodic driving has emerged as a new avenue to control material properties on demand and on ultrafast
time scales, even allowing for the creation of quantum states with no static counterpart. A particular
experimental challenge for this direction of research arises because of the fact that many of the standard
observable used in materials science do not feature the (sub)picosecond time resolution which is
required - for reasons both technical and fundamental - for the study of such strongly driven materials. |
will introduce a method to perform ultrafast proximate magnetometry. This approach is based on using
magneto-optic sensing [1] in a weakly diamagnetic material with a large Faraday effect and a fast
magnetic response time in the vicinity of the sample of interest (see Fig.1a). The polarization rotation of
an ultrashort laser pulse hence gives access to the time- and spatially resolved stray magnetic field.A
first achievement of ultrafast proximate magnetometry was to show the ultrafast expulsion of static
magnetic flux from YBa,CuzOg .45 [2] When the cuprate was driven (see Fig.1b) with a phonon-resonant
light pulse — a condition in which the material had previously shown a superconducting-like THz
conductivity [3,4] — and giving an upper limit for this effect in the organic superconductor K3Cg [5] (See
Fig.1c). This extension of an unbiased magnetic susceptibility probe to the sub-picosecond regime can
be taken even further: One the one hand, it is not limited to static applied fields. Indeed, it can be used to
study the response of a material (driven or not) to a magnetic field that varies rapidly in time. | will
present a scheme that allows for the creation of magnetic field steps with a time constant of ~1ps (see
Fig.1d/e), which can be kept at a high (or low) level for an arbitrarily long time. [6] This enables all-
optical AC magnetometry that extends from the low-frequency limit up to almost 1THz, giving access to
a broad range of magnonic modes, as demonstrated by probing the ferrimagnet Lu;_BixFes—GayO1, (see
Fig.1f/g). Through the creation of eddy currents, it also allows for contactless phase-sensitive
conductivity measurements in the same frequency range, giving direct access to the carrier scattering
time in some regimes. On the other hand, beyond probing the bulk properties of a driven sample,
spatially resolved measurements also become possible. Here | will present the implementation of a
wide-field imaging scheme with a low micrometer-scale spatial resolution. Going even further,
achieving simultaneous picosecond time-resolution and nanometer spatial resolution could be enabled
by using nitrogen-vacancy centers in diamond. These systems, which provide excellent field resolution
despite their nanometric size, are normally limited in speed by the ~3GHz resonance employed for
performing qubit gates. We show that modern THz technology could enable a 1000x speedup for this
process, hence bringing the time-resolution into the picosecond regime. Performing spatially-resolved
ultrafast magnetometry is of particular interest in the context of superconductivity: here, creating simply
connected topologies leads to the quantization of the magnetic fluxoid.
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Fig. 1. Ultrafast proximate magnetometry for driven quantum materials. a) Magnetic field surrounding a
magnetized sample / proximate magnetometry geometry. b) Magnetic field expulsion from phonon-driven YBCO
¢) Upper bound for mangetic field expulsion from driven Ks;Cg d) Schematic of a magnetic field step e)
Magnetic field step produced by a sudden destruction of superconductivity in a YBCO thin film f) Schematic of
the resulting spin dynamics in a ferro/ferrimagnet g) Measured spin dynamics in Lu; BiFes ,Ga,O, h)
Schematic of THz-controlled diamond NV center i)Calculated population dynamics after a circularly polarized
THz pulse j)Measured fluorescence (hyperfine-resolved) of an NV center ensemble k) Electron-microscopy image of
a microscopic hole in a YBCO superconducting thin film and its substrate 1) Detail from a wide-field
magneto-optic image, showing the field distribution inside a hole in a YBCO thin film below the critical t
emperature m) Magneto-optic measurement (using a CW laser) showing sensitivity to single mangetic flux quanta.

However, little is know about the time-dynamics of the process of quantization, which is linked to the
establishment of a well-defined superfluid phase across a defect, and may hence be drastically different
from the time-scale for pair creation. Using time-resolved optical magnetometry on microstructured
superconducting thin-films now allows for studying this process directly.

References
[1] J. A.Riordan, F. G. Sun, Z. G. Lu, X.-C. Zhang, Applied Physics Letters 71, 1452 (1997)
[2] S. Fava, G. de Vecchi, G. Jotzu, M. Buzzi, T. Gebert, Y. Liu, B. Keimer, A. Cavalleri, Nature 632, 75 (2024).

[3] S. Kaiser, D. Nicoletti , C.R. Hunt, W. Hu, I. Gierz, H.Y. Liu, M. Le Tacon, T. Loew, D. Haug, B. Keimer,

A. Cavalleri. Physical Review

B 89, 184516 (2014)

[4] W. Hu, S. Kaiser, D. Nicoletti, C.R. Hunt, I. Gierz, M. C. Hoffmann, M. Le Tacon, T. Loew, B.Keimer, A. Cavalleri. Nature Materials 13, 705 (2014)

[5] G. de Vecchi, M. Buzzi, G.Jotzu, S.Fava, T. Gebert, G. Magnani, D. Pontiroli, M. Ricco, A. Cavalleri, arXiv.2502.20276 (2025)

[6] G. de Vecchi, G Jotzu, M. Buzzi, S. Fava, T. Gebert, M. Fechner, A.V. Kimel, A. Cavalleri, Nature Photonics 1 doi:10.1038/s415661 (2025).

*Acknowledgement(s) : the research leading to these results received funding from the European Research Council under the European Union’s

Seventh Framework Programme (FP7/2007-2013)/ERC Grant Agreement No. 319286 (QMAC), Deutsche Forschungsgemeinschaft (DFG) via
the Cluster of Excellence ‘The Hamburg Centre for Ultrafast Imaging” ( EXC 1074 - project ID 194651731) and the priority program SFB925
(project ID 170620586), and the Swiss National Science foundation via the UltraNV grant of the SPARKLE scheme.



97

Multlcolor pumped ZGP NOPCPA for nonlmear optlcal studies in LWIR
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Technlsche Universitéat Wlen 1040 Vienna, Austria
’The UnlverS|ty of Arizona, Tucson AZ 85721 USA
$EKSPLA, 02300 Vilnius, Lithuania
* Center for Physical Sciences & Technology, 02300 Vilnius, Lithuania

We report on the experimental realization of a multicolor, non-collinearly-pumped long-wave infrared
(LWIR) OPCPA, based on zinc germanium phosphide (ZGP) crystals. The multicolor pump pulses above
2 um wavelength are generated in a non-collinearly-seeded KTA-based near-infrared (NIR) OPCPA pumped
by a Nd:YAG amplifier (AMP, Fig.1) operating in burst mode [1].

TSm0 g . . Fig. 1. Schematics of the pulse burst
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The frontend of the system is a femtosecond white-light-seeded KTA OPA pumped by 200-fs Yb:CaF2 laser
system. The output of the OPA (Fig.1 (b)) is sent to a multiplexer (MP). The MP, which is based on a grating
pair, splits the broadband pulses into four replicas with different central wavelengths, delays each replica to
match the timings with the individual pulses in the 1 um pump burst, and stretches the replicas for efficient
amplification in the KTA OPCPA. After the multiplexer, the obtained spatially separated and temporally
stretched replicas of different colors are individually directed at different incidence angles to seed the KTA
OPCPA. The pJ-level LWIR seed pulses for the multicolor-pumped ZGP NOPCPA are generated via inter-
pulse difference frequency generation (DFG) [2] in a lithium gallium sulfide (LGS) crystal between 200 fs,
1030 nm laser pulses from Yb:CaF2 CPA and their red-shifted replicas, produced via stimulated Raman
scattering [3] in N,O gas-filled capillary. This DFG approach also allows to have tunability over the LWIR
output. Changing the gas pressure or input energy in the capillary, the obtained Raman shift can be tuned,
thus changing the wavelengths involved in the DFG process. Some of the LWIR spectra obtained via DFG
process are shown in Fig.1 (a). Before sending the LWIR seed to the ZGP1 NOPCPA stage, it is stretched in
a Martinez-type stretcher. The ZGP1 NOPCPA stage is pumped by four idler pulses coming from the non-
collinearly-seeded KTA1 OPCPA stage (spectra in Fig.1 (c)), while the ZGP2 NOPCPA stage is pumped by
eight multicolor beams (four signal and four idler), which are generated in the KTA2 crystal. ZGP1
NOPCPA stage generates 180 uJ pulses centered at 9.5 um. So far, 4 mJ at 9.5 um were obtained after the
ZGP2 NOPCPA stage, when it was pumped by eight pulses having combined pump energy of 54 mJ
(amplified spectrum in graph (d), Fig.1). This corresponds to an energy conversion efficiency of over 7 %.
The 4 mJ LWIR pulses were generated with a limited high-energy Nd:YAG output. The Nd:YAG amplifier
is specified to generate two pulse bursts with energies up to 4x40 mJ and 4x300 mJ. When pumped by 4x300
mJ, eight multicolor 2 um pulses with combined energy well exceeding 100 mJ can be generated in the
KTA2 OPCPA stage. This gives potential for the amplification of broadband LWIR pulses to energies above
10 mJ. After compression, the intense LWIR pulses could serve as a unique tool for nonlinear optical studies
in the LWIR, as well as intense terahertz generation due to potentially better phase matching with longer
wavelength pump.
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Light-induced nonlinear phonon dynamics in

Bilayer nickelate superconductors
T. Kaneko, S. Kamiyama, K. Kuroki, M. Ochi
Osaka University, Toyonaka, Osaka 560-0043, Japan

Recently discovered high-temperature superconductivity in the bilayer Ruddlesden-Popper nickelate
LasNi,O; has attracted significant interest in the field of condensed matter physics [1]. Signatures of
superconductivity have also been reported in the trilayer LasNi3O10 [2] and LaszNi,O; thin films [3].
Strongly correlated electrons in the Ni d orbitals mainly characterize the electronic properties of these
multilayer nickelates [2,4]. Superconductivity with a maximum transition temperature of 80 K occurs in
the tetragonal crystal structure [Fig.1(b)] realized by applying pressure to LasNi,O7 [5], suggesting a
strong relationship between the crystal structure and the emergence of superconductivity. Therefore,
using light to probe phonon dynamics and associated electronic states is expected to provide important
insights into elucidating the physical properties of bilayer nickelate superconductors. We theoretically
investigate optically driven phonon dynamics in LazNi,O; to provide a procedure for controlling the
crystal structure using light[6]. In our study, we adopt the idea of nonlinear phononics, in which optical
excitation of an infrared-active (IR) lattice vibration can induce a nonlinear Raman-mode displacement
via anharmonic phonon-phonon coupling [7]. To discuss possible light-induced phonon dynamics in
LasNi,O7; - Fig.1(a), we evaluate anharmonic lattice potential based on first-principles calculations.
Then, we simulate nonlinear phonon dynamics activated by optical excitation of an IR mode on the
classical equations of motion. As a result, we find an appropriate IR mode that activates the Raman
mode, in which the crystal structure can get slightly closer to the high-pressure structure. We expect that
our study will provide a way to elucidate the relationship between the crystal structure and the
mechanisms of superconductivity in bilayer nickelates.

Fig. 1.Crystal structures of LagNi,O; at (a) ambient pressure and (b) high pressure. Phonon modes of the crystal
structure at ambient pressure are optically excited to investigate nonlinear phonon dynamics in ~ LasNi,O; [6].

We expect that our study will provide a way to elucidate the relationship between the crystal structure
and the mechanisms of superconductivity in bilayer nickelates.
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Shaken, not stirred:

Ultrafast magnetic switching via phononic resonances
A. Kirilyuk
Radboud University, 6525 ED Nijmegen, the Netherlands

Excitations of the crystal lattice have a significant impact on the orbital dynamics of the electrons, and
through it, also on spins. Recently, ultrafast optical techniques have provided new insights into the spin-
lattice coupling including angular momentum transfer from magnetization to phonons [1,2]. It should
therefore be possible to realize the opposite process, by driving the lattice and thus controlling the
magnetization, on the same (femtosecond) time scale. To provide resonant excitation of the optical
phonon modes, we use pulses from FELIX (Free Electron Lasers for Infrared eXperiments, Nijmegen,
The Netherlands). Single pulses of IR/THz light with photon energy ranging between 25 meV and 124
meV (wavelength 10-50 um) are typically used. We have thus demonstrated that the resonant excitation
of circularly-polarized optical phonons in paramagnetic substrates can permanently reverse the magnetic
state of the overlayer [3]. This was shown to be the result of a phono-magnetic effect, which is a low-
frequency analogue of the inverse Faraday effect. With the handedness of the phonons steering the
direction of switching, such effect offers a selective and potentially universal method for ultrafast non-
local control over magnetic order.

Moreover, a different and ultimately universal behaviour, characterized by displacive modification of
crystal potentials, is driven by linearly-polarized excitation. The magnetic switching was shown to
create very peculiar quadrupolar spatial patterns [4], confirming the mechanism. The mechanism
appears to be very universal, and is shown to work in samples with very different crystallographic
symmetry and magnetic properties, including weak ferromagnets and antiferromagnets, but also
completely different systems such as ferroelectrics [5].

Fig. 1. A single picosecond pulse
from the free electron laser
FELIX in the frequency range of
optical phonons creates a
peculiar guadrupole pattern of
reversed magnetization, which
serves as a fingerprint of lattice-
strain driven reversal mechanism

[4].

The dynamics of the domain formation was shown to proceed via a strongly inhomogeneous magnetic
state resulting in a self-organization of magnon-polarons [6] and development of magneto-elastic
solitons.
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Development and applications of IR and mid-IR ultrafast laser sources

F. Légaré
Institut national de la recherche scientifique, Varennes, J3X1P7 Canada

During the last decades, the generation of laser pulses in the infrared (IR) and mid-infrared (mid-IR)
spectral range has experienced a growing interest for various applications including strong-field physics
[1,2] and molecular spectroscopy [3,4]. Furthermore, the development of table-top atto- to femtosecond
soft X-ray sources based on high harmonic generation (HHG) from noble gases has benefited from the
development of high-power IR and mid-IR sources with keV photons being generated in compact setups
[5,6]. The generation of XUV photons by means of HHG is intrinsically connected to the energy of
electrons as they get accelerated by the driving field and directly linked to their ponderomotive energy
[7]. Due to the quadratic scaling of the electron ponderomotive energy with the driving laser
wavelength, long wavelength pulses allow to significantly increase the harmonic cutoff compared to
shorter wavelength at a cost of efficiency [8,9]. While HHG in gaseous media has been studied for
decades now, its counterpart in transparent solid media is rather new [10]. To drive HHG from solids, in
particular from low bandgap materials such as semiconductors and quantum materials [11,12], there is a
need for long wavelength (usually above 1.5 pum) and energetic (several pJ) laser pulses. Such sources
allow to maintain the interaction in the tunneling regime where the system can withstand significantly
stronger intensities leading to highly non-linear processes. In addition, as opposed to near-IR and visible
light that typically redistributes carriers across the entire momentum space in a quasi-thermal fashion,
the use of intense long-wavelength light excitation enables the selective drive of non-thermal phases in
quantum materials with minimal coupling to the electronic bath [13]. Until recently, the standard
approach for the generation of IR and mid-IR pulses was to start from a Titanium-Sapphire (Ti-Sa)
chirped pulse amplifier, pumping an optical parametric amplifier (OPA) for generating tunable signal
and idler pulses between 1.2 and 2.5 um, followed by difference frequency generation for mid-IR
radiation from 3 to 15 um. At the Advanced Laser Light Source (ALLS) user facility, with this approach
we generated 10-mJ level pulses at 1.8 micron [14] followed by pulse compression to two-cycle duration
[15]. Such pulses enabled the generation of high-field THz pulses [16], water window harmonics [17],
direct electron acceleration to relativistic energies [18], and the generation of high dose radiation for
radiotherapy [19]. Furthermore, at low repetition rate, Ti-Sa pumped dual-chirped OPA and Frequency
domain OPA have enabled the generation of multi-TW IR laser pulses [20,21]. Using optical parametric
chirped pulse amplification (OPCPA), the group of A. Baltuska pioneered the development of 20 Hz
high-energy mid-IR laser systems enabling record HHG cut-off with 1.6 keV photon energy [5,22]. In
recent years, two approaches have allowed to further scale repetition rate and average power of IR and
mid-IR laser systems. First, using IR and mid-IR gain media (Thulium, Holmium, Chromium- and Iron
doped zinc selenide (Cr**/Fe?*: ZnSe) with chirped pulse amplification, ultrafast (pico- to femtosecond)
laser systems operating between 1.9 and 4.1 um have been developed [23-26]. Second, based on OPA
and OPCPA, using Ytterbium (Yb), Thulium, and Holmium pump lasers, tunable light sources from 1.5
to 15 um have been achieved at high repetition rates (> kHz) and with higher conversion efficiency to
the mid-IR compared to Ti-Sa pumped OPA [27-30]. In my talk, I will review these approaches
followed by the recent work performed at ALLS by my team and collaborators, including the company
Few-cycle Inc.: the development of a high repetition rate Yb pumped OPA with a DFG stage for the
generation of tunable pulses from 1.5 to 8 um, synchronized temporally to 206 nm pulses for time- and
angle-resolved photoemission spectroscopy (TR-ARPES) [31]. Typical spectra for the tunable signal,
idler, and mid-IR pulses (from DFG) are presented in Fig. 1. Complete temporal characterization of this
OPA was performed using Frequency Resolved Optical Switching [32].
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We demonstrated the efficient generation of multidimensional solitary states (MDSS) [33] using high-
energy, transform-limited picosecond Yb-based lasers in hollow-core fibers (HCFs) filled with
molecular gases, followed by nonlinear spectral broadening towards longer wavelength and post-
compression [34]. A comprehensive series of experiments explored the generation of MDSS under
varying conditions, including picosecond and sub-picosecond Yhb-laser pulses, different HCF
geometries, and distinct nonlinear propagation regimes. Across all conditions, MDSS generation was
consistently observed, enabled by enhanced spatiotemporal nonlinear interactions when the input pulse
duration exceeded the characteristic molecular response time. One set of experiments, presented in Fig.
2, involved launching 700 fs, 4 mJ pulses into a 2 bar N , -filled HCF. The corresponding
experimental and reconstructed SHG-FROG spectrograms, retrieved spectra, and compressed temporal
profiles are shown. A long-pass filter with a 1050 nm cut-off was used to isolate the MDSS portion of
the spectra. After accounting for dispersion from the output tube, vacuum window, collimating lens, and
5 m of air, the pulse duration was measured to be ~62 fs. To compensate for the negative chirp
characteristic of MDSS, an additional 12 mm thick BaF » window was introduced, yielding a final
compressed pulse of 24 fs, centered at 1150 nm, with 1.3 mJ energy and ~54.2 GW peak power. The
total output energy was 2.1 mJ, with ~62% in the MDSS spectral region.

a0 Fig. 2: (a) Experimental and
(b)reconstructed spectrograms,
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The company Few-cycle Inc., in collaboration with my group and collaborators, has advanced HCF
pulse compression of Yb laser systems with hundreds of Watts of average power [35] or 100-mJ level of
energy per pulse [36]. Using self-phase modulation, narrow band Yb lasers are broadened and
compressed to sub-10 fs pulse duration. With the large bandwidth of these pulses and their short pulse
duration, the company has developed a platform providing tunable fs pulses from 200 nm to 12 um
starting with an 80 W Ytterbium laser system (2 mJ/pulse, 300 fs, 40 kHz). This platform used resonant
dispersive waves (RDW) in HCF [37], SHG, and DFG. Typical results are presented in Fig. 3.
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Using spectral broadening of laser pulses at 1.8 um in a hollow core fiber to seed a FOPA followed by a

DFG stage, we have generated tunable pulses from 5.5 to 13 um with 20 microjoules of energy per pulse

[37]. Carrier envelope phase stability of the mid-IR has been demonstrated using high harmonic

generation from ZnSe. The advantages of this approach will be presented as well as how to scale this

technology for direct amplification of mid-IR pulses with an Ytterbium laser system. To conclude, the

development of IR and mid-IR laser sources is a very active research field. Thanks to the development

of turnkey, robust and efficient pump laser systems, high pulse energy and average power are now

available at long wavelength such as 70 um ... Back to the Future! [38].
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Localizing multipartite entanglement with local and

Global measurements

C. Vairogs, S. Hermes, F. Leditzky
University of lllinois Urbana-Champaign, Urbana, IL 61801, USA

The localizable entanglement (LE) is the maximal amount of entanglement that can be concentrated, on
average, onto part of a multipartite system via local projective measurements on its complement [1,2].
The LE has found bountiful applications in the study of quantum phase transitions and entanglement in
spin systems. Traditionally, the LE has been defined with respect to bipartite entanglement measures,
such as the entanglement entropy or the two-qubit concurrence. More recent work has analyzed specific
quantum states using the LE defined by multipartite entanglement measures [3]. Motivated by a GHZ
state distillation problem, we study the LE given by multipartite entanglement measures known as the n-
tangle [4], the GME-concurrence [5], and the concentratable entanglement (CE) [6]. For generic states,
we derive a set of easily computable and experimentally accessible upper and lower bounds on the LE
given by these measures in terms of either spin correlation functions or explicit functions of marginal
states. To motivate this problem further, consider a scenario in which we wish to produce with nonzero
probability a state that somehow resembles a GHZ state by using only a single-copy local measurement
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on a larger state. Intuitively, to maximize our chances of success, we should choose our initial state so
that its LE is large. This approach has an advantage over naive strategies such as constructing a
measurement to perform an exact state transformation or choosing the initial state to maximize average
post-measurement fidelity. The former is not tractable in general, while the latter penalizes post-
measurement states that are locally unitarily equivalent to the GHZ state, which are still of great use.

The n-tangle assumes the same value on any pair of states for which one may reversibly convert one into
the other with some nonzero probability via local operations and classical communication (LOCC). In
this way, the n-tangle distinguishes between different classes of entanglement. Thus, by maximizing the
LE given by the n-tangle, we are decreasing our chances of obtaining a state that is inequivalent to the
GHZ state under “stochastic” LOCC, such as the W state. On a different note, the GME concurrence
always vanishes on bi-separable states. Thus, by maximizing the LE determined by the GME-
concurrence, we diminish the likelihood of getting states that have the same value of the n-tangle as the
GHZ state, yet do not exhibit genuine multipartite entanglement. The CE of a state is indexed by a
collection of its subsystems and is equal to the average entanglement, as measured by the linear
subsystem entropy, of the state across all bipartitions with one part contained in the given collection.
Several well-known entanglement measures are recoverable from the CE, which together with its
definition suggests that it gives a more fine-grained picture of entanglement, making it useful for the
aforementioned distillation problem. Our analytical results are derived primarily through arguments
invoking the convexity or concavity of various functions. We show that the LE of a state, when defined
by the n-tangle, is upper bounded by the fidelity of its reduced density matrix and its “spin-flipped”
version by refining an earlier argument regarding the related entanglement of assistance [7]. We express
our bounds of the LE given by the GME-concurrence in terms of straightforward functions of the state’s
marginals. Furthermore, we observe that the LE of a state, when defined by the CE, is upper bounded by
the original value of the CE on the given state. We also derive a lower bound on the CE in terms of spin
correlation functions. Since divergence in the correlation length is an indicator of a quantum phase
transition, this latter fact may open the door to the use of the localizable CE as a tool for characterizing
phase transitions. On the numerical side, we compute the LE defined by our entanglement measures for
a collection of weighted graph states. A weighted graph state is a quantum state associated with a graph,
each of whose edges is labeled by a “weight” indicating the degree of entanglement between
corresponding qubits. In this way, weighted graph states are a useful model for the study of multipartite
entanglement. We show that for a collection of reasonable graphs, our bounds are reasonably tight. We
compare our results to a recent protocol for generating GHZ states via local measurements on a
particular weighted graph state [8]. Fig. 1 shows that the LE is near maximal in this case, giving an
explicit example of our motivating GHZ state distillation scenario.
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Our ongoing work characterizes the LE in the ground states of spin-half Hamiltonians, which we
anticipate will clarify the role of using multipartite entanglement measures to study quantum phase
transitions
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Optical control of electrons in a Floquet topological insulator
D. M. B. Lesko' , T. Weitz!, S. Wittigschlager, W. Li', C. Heide? 0.Neufeld®, P.Hommelhoff*
'Friedrich-Alexander-Universitat Erlangen-Niirnberg, 91054 Erlangen, Germany
2University of Central Florida, Orlando, FL 32816, USA
*Technion, 3200003 Haifa, Israel

Light interaction with materials can modify their electronic band structure, creating light-dressed
Floquet states with new quantum and topological properties. Transformations of trivial materials into
topologically nontrivial states, called Floquet topological insulators (FTIs), by periodic driving have
been observed in photonic waveguides [1] and cold atom systems [2]. These experiments in synthetic
systems elucidate both time-periodic and sub-cycle physical phenomena [3,4]. While theory suggests
that Floquet dressing can synthesize almost arbitrary material band structures with varying topological
phenomena [5], FTI states in real materials have yet to be directly observed and controlled. Pioneering
works observed Floquet-Bloch bands on a topological surface state [6] as well as engineered bands in a
bulk semiconductor [7]. In a wide-bandgap semiconductor, ultrafast Floguet physics can be used to
explain phenomena such as the enhancement of optical nonlinearities [8]. A differential DC anomalous
Hall conductivity was shown in [9].Here, we demonstrate a new method for generating and probing
these phenomena in a real material by harmonically related optical fields. The fundamental frequency
laser pulse dresses bare graphene (Fig. 1), a topologically trivial material, into an FTI. Importantly, this
out-of-equilibrium state exhibits multiple topological bands separated by harmonics of the dressing
frequency [10].
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Fig. 1. Lightwave control of electrons in a Floquet topological insulator. a—c: A Floquet topological insulator
(FTI) emerges from driving the gapless, topologically trivial band structure of graphene (a) by irradiation with a
circularly polarized fundamental laser field (b, red waveform).This dressing breaks only time-reversal symmetry,
giving rise to both a nonzero gap A at the emerging K and K’ valleys and a Berry curvature (color bar) of the same
sign in both valleys. This results in a non-zero Chern number as well as anon-trivial topological insulating phase,
with avoided crossings at resonant energies (A,,, €). A second harmonic pulse (b, blue waveform) controls the
motion of electrons in the FTI bands.
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While traditional measurements of transport phenomena in FTIs are done with DC or low frequency
fields, here we use an all-optical driving/dressing approach, which is critical for elucidating new
phenomena not seen before in solid-state FTIs. We probe a topological band resonant with the second
harmonic, measuring two-color phase and helicity-dependent photocurrents. For the first time, we
observe photocurrent circular dichroism (Fig 2a), the all-optical anomalous Hall effect (Fig. 2b-c), and
the attosecond FT]I state's micromotion [11] (observed through a dependence of the photocurrent signal
on the initial state relative phase).

We compare these photocurrents with state-of-the-art time-dependent density functional theory
(TDDFT) calculations. This directly connects the traditional static (periodic) Floquet picture with

attosecond phenomena probed with optical fields.
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Fig. 2. Circular dichroism and all-optical anomalous Hall effect. a, We probe circular dichroism by keeping
the helicity of w constant, generating the FTI, and continuously sweep the ellipticity of 2w (above). Below,
measured current amplitude |J| (red circles) and phase 0 (blue circles) as a function of the 2w ellipticity. TDDFT
simulation results (lines) support the dichroic generation of ballistic photocurrent for co-rotating helicities of
and 2w and photocurrent suppression for counter-rotating helicities. b, All-optical anomalous Hall currents
(green arrows) emerge from excitation of the w-driven FTI with the 2w control polarized perpendicularly to  the
electrode axis. Shifting ¢,,», by w effectively results in a reversal of the 2w deflection and consequently the Hall
current direction. ¢, Measured current (red circles) as a function of ¢,,-1,. The computed current density (red
line) confirms the directional control of the anomalous Hall effect.

By understanding how to optically modify materials and measure their ultrafast response, we can
dynamically change material properties and engineer quantum and topological phenomena in trivial
materials.
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Giant enhancement of optical nonlinearities in hybrid WS2/

Plasmon structures probed by ultrafast 2-D electronic spectroscopy

C. Lienau
Carl von Ossietzky Universitat Oldenburg, 26129 Oldenburg, Germany

Transition metal dichalcogenide (TMDC) monolayers are quantum materials with unusual
optoelectronic properties [1]. Strongly bound excitons in the material are particularly sensitive to many-
body interactions in the atomically thin monolayer, dominating their optical nonlinearity [2].
Hybridization of these excitons with light-like excitations, such as surface plasmon polaritons (SPPs),
allows to dramatically alter the optical response and to tailor material properties on the nano scale [3-5].
The role of excitonic many-body interactions [6] for the new hybridized polariton states is of crucial
importance. The ideal tool to investigate these interactions and their coherent dynamics is ultrafast two-
dimensional electronic spectroscopy (2DES). Here, we report the first ultrafast 2DES spectra of a
TMDC monolayer coupled to plasmonic nanoresonator array. Here, we report ultrafast 2DES with 8 fs
resolution [7] of a hybrid WS2/plasmon structure. For this, we manufacture aA silver nano-slit array
(Fig. 1a) with a period of 495 nm is fabricated using focused ion beam milling. The structure is coated
with a 5-nm layer of AI203 and then covered with an exfoliated monolayer flake of WS2. An angle-
dependent reflectivity measurement (Fig. 1b) shows upper (UP) and lower (LP) polariton branches that
form due to a coupling between the A exciton of WS2 and the AM[-1] mode of the SPP close to 2 eV.
The deduced coupling strength of V_XP= 23 meV places the sample into the intermediate coupling
regime. At around 2.3 eV, the B exciton energetically overlaps with the AM[+1] mode of the SPP.
_
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When focusing on the A exciton of WS2region of the sample, the exciton-plasmon coupling hybridizes
both one-quantum (|X) and |P)) as well as two-quantum (|XX), |2P) and the mixed |XP)) states, as
depicted in the level scheme in Fig. 1c. We can regard the plasmonic ladder as a harmonic oscillator
without nonlinearity. The semiconductor exciton, however, possesses a nonlinearity that - in the case of
TMDCs - is dominated by many-body interactions such as excitation-induced shifts (EIS) or dephasing
(EID) [2]. One important question is whether and how these many-body interactions are transferred to
the hybridized system [5]. To investigate the ultrafast nonlinear response of the hybrid structure, we
employ a 2DES setup that utilizes 8-fs pulses from a home-built built non-collinear optical parametric
amplifier operating at 175 kHz. For 2DES, we use an inherently phase-stable common-path
interferometer and a fast and sensitive line camera in combination with fast mechanical chopping of the
pump [4]. Fig. 1d depicts the differential reflectivity at a waiting time of T=100 fs at the crossing angle
of 6=5° for two polarization settings of the pump and probe pulses. When pump and probe are both s-
polarized along the nano-slits, the SPP is effectively “turned off”. Indeed, the and the probed observed
nonlinearity (red line in Fig. 1d) matches that of a WS2 monolayer on a bare silver substrate. In this
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case, the weak nonlinearity in this case is Analysis of such a reference measurement shows that in the
absence of the nanostructure the optical nonlinearity is dominated by EID with additional contributions
from EIS. When turning the polarization of pump and probe perpendicular to the nano-slits (black line in
Fig. 1d), a giant enhancement of the nonlinearity by a factor of ~20 can be observed. This enhancement
arises is the distinct signature from of the hybridization between the TMDC excitons and the SPP
resonances. The large magnitude of this enhancement is surprising since, iln our previous a related study
of strong couplings between molecular J-aggregates and a gold nano-slit array, we could not observe
such a giant hybridization-induced enhancements of the nonlinearity were basically absent[4]. In that
case, the oscillator strength of the aggregate excitons and the SPP were of similar amplitude. Now, the
oscillator strength of the WS2 exciton is much weaker than that of the silver SPP. Therefore, both UP
and LP are gaining oscillator strength from the SPP. The transfer of many-body effects such as EID and
EIS to the polariton states then introduces the pronounced nonlinearity. 2DES maps of the polaritonic
system recorded at of 6=5° are presented in Fig. 1e-g. They display a strong diagonal A polariton feature
close to 2 eV with a lineshape along the detection energy that resembles the AR/R profile in Fig. 1d.
Side peaks along the excitation axis point to the excitation of upper and lower polariton resonances.
These peaks vanish during the first 50 fs after excitation, the decoherence time of the polariton system.
Due to the broad nature of the polariton resonances and the intermediate coupling strength, no clear and
spectrally distinct diagonal and cross-peaks for the UP and LP are apparent. In addition to the A exciton-
polaritons, a B exciton polariton feature close to 2.3 eV can be seen. Clear cross peaks between the A
and B exciton polariton manifolds point to an additional, coherent coupling between the hybridized
subsystems. Since such cross-peaks are also seen in the reference measurement of the isolated WS2
system, they likely are caused by an intrinsic intra- and intervalley exchange interactions coupling in the
TMDC monolayer, enhanced in amplitude by . They may also reflect the individual coupling of the A
and B excitons to the polariton modes of the grating. coupled AM[-1] and AM[+1] SPP modes,
respectively. The B exciton polariton peaks show a similar lineshape as the A exciton polariton, also
pointing to many-body interactions as the main cause for their nonlinearity. Pronounced vertical stripes,
usually a feature for EID or EIS by free carriers, also point towards such many-body effects in the
polariton system. Preliminary simulations of the optical nonlinearities show that the spectral peak
pattern at T=51 fs the key observations of our experiments (Fig. 1g) can be reproduced rationalized by in
terms of the effective Hamiltonian outlined in Fig. 1c, when introducing EID and a Pauli blocking of the
|X)—|XX) transition as the dominant microscopic origin of the optical nonlinearity of the hybrid system.
Pauli blocking upon optical excitation transiently reduces the phase space available for radiative
coupling between excitons and plasmons and, therefore, effectively closes the Rabi gap. This results in
bright and highly nonlinear hybrid polariton resonances. With realistic model parameters, the
Hamiltonian in Fig. 1c can quantitatively reproduce the observed 20-fold enhancement in nonlinearity of
the hybrid systems, and most of the lineshape dynamics seen in the 2DES spectra in Fig 1. Angle-
resolved 2DES experiments will be reported at the meeting that address open questions. A more
quantitative analysis using a more refined model is currently underway. In summary, we use 2DES with
8 fs resolution to investigate a hybrid WS2/plasmon structure. Hybridization of the plasmon with the
semiconductor exciton results in a giant enhancement of the optical nonlinearity. In essence, the
nonlinearity of the weakly absorbing and atomically thin WS2 monolayer can be enhanced via coupling
to a linear harmonic oscillator - the SPP mode - with large oscillator strength. The transfer of excitonic
Pauli blocking and many-body effects to the hybrid system results in strongly interacting bright and
highly nonlinear polaritons. Our findings highlight the importance of two-quantum states and many-
body interactions in for the nonlinearities of hybrid light-matter systems based on TMDC monolayers.
They are therefore and is likely of similar relevance for strongly coupled hybrid semiconductor exciton
based quantum materials in general.
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Non-reciprocal phase transitions in correlated matter
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Driven dissipative light-matter-coupled systems such as polariton condensates and lasers possess non-
equilibrium steady states that show similarities to thermodynamically ordered phases with
corresponding broken symmetries. However, as non-equilibrium dynamical systems they also can
exhibit states with dynamical order (e.g. limit cycles, pattern formation) that cannot exist as ground
states in a thermodynamic system. Transitions between different stationary states emerge via dynamical
instabilities, and one novelty of non-equilibrium systems is the existence of transitions marked by
critical exceptional points, where two (or more) collective modes merge with identical eigenvalues and
eigenvectors. These states can in principle exist as steady states of a pumped system, but they are also
evidenced by ultrafast probes that occur on a time scale faster than the thermalization time. Such
phenomena are generic for multicomponent non-Hermitian (and non-reciprocal) states and there is a
ready classification for both classical and quantum active systems at the mean field level [1].An example
is shown in Fig [1] for a model of two species with non-reciprocal interactions. Beyond mean field,
these transitions are described by new universality classes as shown in the right panel of the figure [2].
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Fig. 1. Left. Schematic diagram to show the transition between two stationary phases via a chiral phase with
broken symmetry [1]. Right.. Finite size scaling behavior of the correlation function of the order parameter under
weak noise of a one-dimensional model. Long range order is destroyed by the noise, as expected, but the
fluctuations near the CEP are much larger than away from the CEP, which shows conventional scaling  of a
diffusive model. [2]

There is an opportunity to construct explicitly ‘active' quantum matter by building non-reciprocal terms

into an effective equation of motion, as in the non-reciprocal Dicke model [3] and driven quantum
chains [4].
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Nanoscale IR and THz dynamics of polaritons in

Low-dimensional materials
M. Liu
State University of New York Stony Brook, Stony Brook, NY 11794, USA

In contemporary condensed matter physics and photonics, four key length scales play an essential role in
shaping the behavior of quantum materials: 1) the polaritonic wavelength (A) in the infrared (IR) and
terahertz (THz) frequency range, which governs light confinement and light-matter interactions; 2) the
magnetic lengths lp = E;h/ eB = 257A/,/B[T] determined by the magnetic field B, which constrains
electron motion; 3) the diffusion length D of the hot carriers at interfaces and the edges, which dictates
energy relaxation, and 4) the periodicities of superlattices induced by moiré engineering, which defines
the energy scale of emerging quantum phases. In this talk, I will present cutting-edge optical nanoscopy
experiments capable of simultaneously probing all four critical length scales in a single experiment.
Using a combination of terahertz scattering-type scanning near-field optical microscopy!'! (THz s-
SNOM) and infrared near-field photocurrent imaging *, we report spatially resolved THz dynamics
and hot carrier diffusion in 2D materials at the nanoscale (Fig.1). We find that the substrate-induced
charge gradient leads to spontaneous phase separation'* of the two-dimensional electron gas (2DEG) in
a magnetic field, forming compressible regions with different Landau level occupations. The edges
between these regions constitute wide, tunable incompressible quantum Hall stripes, which can be
manipulated in real space by adjusting the magnetic field and gate voltage.

R b ¢ Fig. 1 Nanoimaging of spontaneously formed
compressible and incompressible phases in a
gateable graphene cavity. a, carrier density n
and effective electrostatic potential Verr as a
function of distance x. Inset shows a schematic
of the graphene nanoribbon positioned off-
center on a thick STO substrate; b, schematics of
the nano-THz experimental setup. A monolayer
graphene encapsulated with hBN resides on the
high dielectric  constant STO substrate and
illuminated with broadband THz pluses (0.5~1.5
THz); ¢, THz Spacetime maps of plasmon
polaritons measured across the graphene ribbon
| when applying back-gate voltages Upg =27V
) 3 at room temperature. The arrows mark the
_ - Time (ps) slopes of the polariton’s world lines, which
THz time-space mapping correspond to the phase velocity of polaritons;
d, schematic illustration of the incompressible
region in graphene with a magnetic field. When
Fermi level crosses a Landau level a
compressible region is formed, separated by
incompressible region (gray area) that emerges
due to the LL energy transitions. e, The
schematic illustrates the near-field photocurrent
generation in graphene when illuminated with
mid-infrared incident beam at wavelengths
corresponding to 600 - 900 cm™ ; f. near-field
photocurrent  images of hBN-encapsulated
graphene heterostructure on STO near the CNP,
with frequency ~840 cm™ and T = 25 K. The
green dash-dotted lines outline the boundaries
of graphene, and the dotted lines visualize the
locations of charge inhomogeneity boundaries.
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Our approach establishes magneto IR and THz nanoscopy as a versatile platform for investigating
magneto-optical effects and many-body interactions with unprecedented spatial resolutions. Our
preliminary results also set the stage for future spectroscopic explorations of topological and chiral
photonic phenomena in complex quantum materials using low-energy photons.
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Attosecond electron dynamics in atomic-scale

Lightwave-scanning tunneling microscopy
S. Maier*, R. Spachtholz', K. Glockl', C. Bustamante?, M. Maczejka'
J. Schon!, K. Purckhauer?, F. GieRibl}, F. Bonafé?, M. A. Huber!
A. Rubio? J. Repp*, R. Huber!
'Universitat Reaensbura, 93040 Redensburg, Germany
2Max-Planck-Institut fur Struktur und Dynamik der Materie, 22761 Hamburg, Germany

Understanding and controlling ultrafast dynamics in quantum materials in real space is essential for both
fundamental research and future technologies. Lightwave-driven scanning tunneling microscopy enables
atomic-scale slow-motion imaging of molecular orbitals and defect states with intrinsic spatio-temporal
resolution [1, 2, 3, 4]. In this technique, the oscillating carrier field of terahertz pulses replaces the
conventional DC bias voltage across the tip-sample junction. However, the current time resolution of
approximately 100 fs remains insufficient to resolve the dynamics of intra-atomic electron motion. This
requires a single-digit fs or even attosecond time resolution, calling to push the time resolution of
lightwave-driven tunneling microscopy. Yet, simply scaling the carrier wave frequency by two orders of
magnitude presents fundamental challenges: First, it is a priori unclear whether quasi-adiabatic sub-cycle
field-controlled tunnelling is still possible as multi-photon excitation processes and photon-mediated
tunnelling become increasingly likely.Literature on field-driven sub-fs charge transfer in nanostructures
and attosecond field emission from metallic tips clearly proves that single-cycle pulses centered at
200 THz can act as an ultrafast bias transient [5,6]. The combination of attosecond time resolution and
true atomic spatial resolution in STM has not yet been realized. Second, maintaining picometer stability in
the tunneling junction is crucial in STM and becomes particularly challenging under illumination, due to
the thermal load. Even subatomic variations of the tip-sample distance cause measurement artifacts. At
higher carrier frequencies, the absorption coefficients of metals typically increase, therefore the problem
of thermal expansion induced by fluctuations in laser power becomes more prevalent. Here, we introduce
an attosecond STM concept that avoids thermal artifacts via precise waveform modulation and enables
atomic resolution [7]. To this end, we derive two spectrally distinct near-infrared pulses from a
femtosecond Er:fiber laser system and couple them into the STM junction (Fig. 1a).
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Fig. 1. Attosecond lightwave-STM. a, Experimental setup.
Two spectrally distinct NIR light pulses couple to a STM
tunnel junction, inducing a CEP-dependent tunneling
current lcgo. b, Sensitivity of the STM junction to laser
power modulations: The laser power on the junction is
modulated on the microwatt-level (average power of
8.5 mW) which corresponds to a relative modulation
depth of ~10™ (Inset). This modulation of the thermal load
induces picoampere-scale current modulations (at a set
point current of 100 pA), well above the STM noise floor
of 30 fA. ¢, Reconstructed single cycle waveform (FWHM
= 5.2 fs) synthesized at optimal temporal overlap of the
two NIR pulses, with controllable CEP (inset),
corresponding to a maximum in the current (Fig. 2 a).
d, Reconstructed electric field corresponding to a current
minimum.

We first quantify the effects of thermal expansion (Fig. 1b): even relative changes as small as 10™ *
(~MW level) cause picoampere-scale current modulations showcasing the sensitivity of the tunneling
junction to power variations. Such a thermally induced current modulation can overwhelmingly dominate
the lightwave-induced signal, excluding usual modulation schemes of pump-probe spectroscopy such as
beam chopping. Therefore, we refrain from modulating the optical power and solely manipulate the
waveform of the bias pulses. At temporal overlap, the pulses synthesize a single-cycle waveform (Fig. 1¢)
[8]. The delay time t controls the exact field shape and allows to switch between symmetric (Fig. 1d) and
asymmetric field envelopes (Fig. 1c). Note that t only changes the waveform and leaves the average
power on the junction untouched, because the two original pulses (Fig. 1a) are spectrally disjunct. For a
given delay time t, we periodically vary the carrier-envelope phase (CEP) at a modulation frequency
fceo =917 Hz.  Tracing the fraction of the tunneling current demodulated at fceo shows a strong



111

dependence on t, i.e. on the synthesized waveform (Fig. 2a). Iceo occurs only when the two pulses overlap
in time, is maximal for asymmetric waveforms (Fig. 1c) and decreases for more symmetric field transients
(Fig. 1d), confirming its sensitivity to the field direction. Most remarkably, the light-induced current
exhibits pronounced sub-cycle features (Fig. 2a) indicating field-driven charge transfer processes on
attosecond timescales. Crucially, this field-resolved response is not driven by a modulation of the optical
power. The sub-cycle signatures agree with TDDFT simulations (Fig.2b), which reveal ultrafast
redistribution of electrons in tip and sample: states below the Fermi level are depleted, while those above
are populated, forming a non-thermal distribution. These excited electrons, with reduced tunneling
barriers and extended wavefunctions finally cross the barrier in the lightwave-driven tunneling regime —
very distinct from photon-driven above threshold ionization.

This intriguing mechanism of photon-assisted lightwave-driven tunneling, bridging different regimes of
light-matter interaction, calls for an assessment of its spatial resolution. To this end, we first measure the
decay of Icgo with tip-sample distance at t = 0 (Fig. 2c¢). At the highest tested pulse energy (171 pJ), the
decay length of ~10 A reflects contributions from extended wavefunctions. For pulse energies below
100 pJ, the decay becomes much steeper (<5 A). To put the spatial resolution to its ultimate test, we image
a single Cu adatom on Ag(111) with attosecond currents (Fig. 2d). The measurement shows clear atomic
contrast, and a line profile confirms lateral confinement of lcgo, demonstrating that attosecond tunneling
can sustain atomic-resolution imaging.
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In summary, we achieve attosecond STM at atomic resolution with waveform-controlled near-infrared
bias pulses. Using two-color pulse synthesis of CEP controlled waveforms makes instantaneous electric
field effects accessible and keeps the thermal load on the junction constant, avoiding thermal artifacts.
Our measurements and simulations reveal sub-cycle tunneling of an excited non-thermal electron
distribution with reduced barrier height. Imaging of individual Cu adatoms confirms atomic spatial
resolution, comparable to conventional STM. Our results pave the way for attosecond STM to enable real-
time studies of ultrafast electron dynamics with atomic spatial and sub-fs temporal precision.
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Recent progress on Higgs spectroscopy of SUpEI‘COﬂdUCtOFS
D. Manske
Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany

Higgs spectroscopy is a new and emergent field [1,2,3] that allows to classify and determine the
superconducting order parameter by means of ultra-fast optical spectroscopy. There are two ways to
activate the Higgs mode in superconductors, namely a single-cycle ‘quench’ or an adiabatic, multicycle
‘drive’ pulse, both illustrated in Figure 1. In the talk I will review and report on the latest progress on
Higgs spectroscopy, in particular on the role of the third-harmonic-generation (THG) [4,5,6] and the
possible IR-activation of the Higgs mode by impurities or external dc current [7,8]. | also provide new
predictions for time-resolved ARPES experiments in which, after a quench, a continuum of Higgs mode
is observable and a phase information of the superconducting gap function would be possible to extract
[9]. As a recent milestone, | discuss recent results on Non-Equilibrium Anti-Stokes Raman Scattering
(NEARS) [10] and on two-dimensional coherent spectroscopy [11] where the Higgs mode has been
observed experimentally.
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Fig. 1. Top panel Higgs mode in the NEARS spectrum of optimally doped BISSCO for A4 and B,y polarization,
respectively. Taken from [10.] Bottom panel: two ways for activation of the Higgs mode by light (left)
Illustration of multi-cycle driving the Higgs mode: (right): Illustration of single-cycle quenching of the free
energy potential.

Finally, we have extended our approach to time-reversal superconductors [12] and find a variety of new
possible Higgs modes.
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Dynamics and control of non-equilibrium quantum systems
I. Marvian
Duke University, Durham, NC 27708, USA

In this talk, 1 will present an overview of an ongoing theoretical and experimental project aimed at understanding
the dynamics and control of quantum systems evolving under Hamiltonians that respect a global symmetry. We
approach this problem from both the perspective of continuous-time Hamiltonian dynamics and the discrete
framework of quantum circuits. Recent studies have shown that, in the presence of symmetries, the locality of
interactions can severely restrict the set of realizable unitaries [1-4]. In particular, generic symmetric unitaries on
a composite system cannot be implemented, even approximately, using local symmetric unitaries on the

subsystems [1]. This has motivated the design of new types of experiments [5] intended to probe the locality of
interactions in quantum systems (see Fig. 1).

Fig. 1. Learning 3-body interactions. The recent n-go theorem of [1]
revealed that, in the presence of symmetries, it is possible to directly
N ' \ \ o detect 3-qubit unitaries (interactions) without any prior knowledge of
\ | existing 2-qubit unitaries. In the recent follow-up work [3], which
L focuses on U(1) symmetry, we showed how this detection can be
| 5 achieved efficiently, without requiring full process tomography, by
N \ \ \ ‘ probing a subspace whose dimension scales linearly with the number
SR L E B B EE } } | ! of qubits. This scheme was experimentally demonstrated on a trapped-
S ion quantum computer. This experiment measures a phase, denoted as
\* A3 =60n—1 — 01 — (n— 2) x (Oh— 60) (mod 2rn), where n is the
\ number of qubits and Om is the phase of the determinant of the unitary
||| in the sector with m excitations (Hamming weight m). This phase is
insensitive to 2-qubit U(1)-invariant unitaries and enables the direct
- . A s . \ detection of 3-qubit unitaries. For instance, in a circuit of the form
K L | 7 \ \ \ \| shown in the figure on the left, which includes an arbitrary number of
‘ | qubits and a single 3-qubit unitary exp( - i a 3 Z® °) along with
0 m 1 arbitrary unknown 2-qubit U(1)-invariant unitaries, we find A3 =
0 —8a3 (mod 2m), as experimentally verified in the plot on the right

: (see[3] for details)
Interestingly, the nature of these restrictions depends
significantly on the properties of the symmetry. As an example, we show that when a system evolves under

Hamiltonians consisting only of two-body interactions that respect an SU(d) symmetry with d>2, the dynamics
within certain subspaces can be mapped to those of a free fermionic system. This mapping leads to new
conservation laws that impose strong restrictions on the system’s dynamics (See Fig. 2).
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Fig. 2: An example of new conservation laws imposed by locality and symmetry: In [2], we introduced new
conservation laws for qudit systems that evolve under 2-qudit SU(d)- invariant Hamiltonians. A family of such
conservation laws is found by mapping the dynamics in certain irreducible invariant subspaces of qudits to the
dynamics of free fermionic systems. In this example, we consider 6 qutrits with the total Hilbert space (c3)®6 in
an initial state that is restricted to a sector with one irreducible representation of SU(3). Fromt=0 tot=
100, they evolve under periodic 2-body SU(3)-invariant interactions (blue curve) and random all-to-all ~ 2-body
SU(3)-invariant interactions (red curve). We observe that the function under considerationremains
conserved. Att =100, we turn on a 3-body interaction that respects the symmetry, causing the function to start
changing. Then, at t = 300, we turn off the 3-body interaction and introduce a 4-body interaction that also
respects the symmetry, and again observe that the function is not conserved.
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For instance, one consequence is that random circuits composed of SU(d)-invariant gates do not form
approximate 2-designs for the Haar measure over the group of all SU(d)-invariant unitaries. Furthermore, |

will discuss novel techniques [7] for synthesizing U(1)-invariant quantum circuits, focusing in particular on
constructions based on XY interactions (see Fig. 3).

' ' *  Fig. 3. SWAP via XY interaction. A SWAP gate exchanges
| — the states of a pair of qubits and is one of the most
v XM [ | commonly used operations in quantum computing. The top
Sw Sw | L isw circuit is the standard way [5] of implementing this gate
) I |_ ) ' | — using three iSWAP = exp(iRw/2) gates, where R = (X (9 X
e — + Y &Y )2 is the XY interaction, which is the native X
1 gates, which are not interaction in some platforms, such as
superconducting qubits. This circuit requires three three
\X gates, which break the U(l) symmetry. We show that
although SWAP is U(1)-invariant, unless one uses ancilla
[0y — 11 — ||]'-. qubits, it can not be realized with XY interaction and U(1)-
Lt S ' / invariant single-qubit gates [1, 6]. The bottom circuit
iSw . introduced in [6] realizes SWAP using three iSWAP gates,
— ___];,I- » L et — tagether with two U(1)-invariant single-qubit gates, namely
. oW ..'H | SQ'g and Z, and one ancillary qubit. The absence of
iSw — symmetry-breaking unitary transformations makes the
E— - i Zl— bottom circuit more resilient against certain types of noise,
. : e — « such as fluctuations in the master clock that controls the
timing of pulses
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Floquet topological insulator
W. Li*, D. M. B. Lesko®, T. Weitz", O. Neufeld?, P. Hommelhoff*
Friedrich-Alexander-Universitat Erlangen-Nurnber, 91054 Erlangen, Germany
*Technion, 3200003 Haifa, Israel

Light-dressed materials, based on Flogquet engineering, offer unique opportunities to design transient
band structures with quantum and topological phenomena from trivial materials [1]. Graphene, a
topologically trivial semimetal, becomes a Floguet topological insulator (FTI) when dressed with a
circularly polarized laser field, due to the broken time reversal symmetry [2,3,4]. While Floquet physics
has been shown to exist on an ultrafast timescale [5,6,7], the control of Floquet engineered topological
properties has not been demonstrated on a similar timescale. We will report on our ongoing experiment
along these lines. While Floquet physics has been shown to exist on an ultrafast timescale [5,6,7], the
control of Floquet engineered topological properties has not been demonstrated on a similar timescale.
We will report on our ongoing experiment along these lines.

Fig. 1. Epitaxial graphene sample attached to gold electrodes,
from where the photocurrent is measured.
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Theory of ultrafast nanomagnetism
J.H. Mentink
Radboud Universiteit,6525 ED Nijmegen, The Netherlands

Despite decades of downscaling of magnetic bits, magnetism at length scales below ~10 nanometer and
time scales below ~1 nanosecond is a poorly understood regime. This regime of “ultrafast
nanomagnetism” is only recently becoming accessible experimentally thanks to new magnetic imaging
methods based on femtosecond x-ray and electron pulses. Interestingly, results obtained with such
experimental techniques [1,2,3] disclose counter-intuitive results for which established theories do not
provide an adequate explanation. In this talk, we review recent progress in ultrafast nanomagnetism
from the perspective of theory and simulations. We showcase examples where atomistic spin models
greatly assisted in corroborating key experimental observations concerning the ultrafast nucleation of
skyrmions in ferromagnetic multilayers. For example, it was found that the nucleation proceeds by
transiently passing through a topological fluctuations state, leading to picosecond nucleation times,
much faster than accessible with external fields [1]. To obtain a more intuitive understanding of the
fluctuations and predict general trends for dependencies on external field and temperature, we developed
an effective phenomenological theory [4]. This theory is derived from the observation that on ultrafast
timescales the skyrmion position X~const, since motion of spin textures in space is bound by the highest
magnon group velocity. Therefore, in the ultrafast regime, illustrated in Figure 1, skyrmions are
essentially localized in space and their dynamics can occur only due to nucleation or annihilation by
thermal activation over energy barriers. We show that evaluating these two processes during a heat pulse
shows good agreement with atomistic spin dynamics simulations and experiments. Since on short time
scales there is no time for the skyrmions to interact, the skyrmions can be treated independently to very
good approximation, resulting in a remarkably simple and computationally efficient theory.
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The theory furthermore provides a direct guide for experimentally optimizing the number of nucleated skyrmions
by tuning magnetic field and heat dissipation and even predicts a novel pathway for ultrafast annihilation of
skyrmions, which is confirmed with atomistic simulations. Moreover, we show that our theory can be applied as
well beyond non-interacting skyrmions, including laser-induced generation of skyrmion lattices as well as the
nucleation and helicity-dependent control of stochastic domain structures [2]. Moreover, we show that the same
analysis can be applied to domain-wall dynamics during ultrafast demagnetization, displaying a counter-intuitive
stability in the low fluence regime [3]. The systematic approach combining simulations and phenomenological
theory provides a new path to the development of a general theory of ultrafast nano-magnetism. This has not only
great relevance to stimulate and support experiments but is also capable of identifying conceptually new pathways
to challenge the limits for the fastest, smallest and most energy-efficient writing of magnetic bits.
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Ultrafast dynamics with surface plasmon polaritons
F.-J. Meyer zu Heringdorf
Universitat Duisburg-Essen, 47048 Duisburg, Germany

The coherent coupling of surface plasmon polaritons (SPPs) to distinct electronic states in the band
structure of a solid has so far only been little investigated. Experimentally, this requires (i) precise
control over the SPP’s electric field and (ii) electron spectroscopy on the nanoscale. Fig. 1 shows results
from a measurement that satisfies both requirements. An Archimedean spiral was structured into a self-
organized Au platelet using a focused ion beam (Fig. 1a). The gap-size of the spiral is one SPP
wavelength (I = 1), i.e., if the spiral is excited by circularly polarized femtosecond laser pulses with the
proper wavelength and helicity, concentric SPP phase fronts can be created that propagate to the center
of the spiral to form a SPP focus. Figure 1b shows example images from a reconstruction of the
electromagnetic field of the SPP using a pump-probe experiment [1] in which the polarization of pump-
and probe pulses can be independently adjusted [2]. The SPP, excited by the circularly polarized pump
pulse, is subsequently probed with several probe pulses of different polarization. Using Fourier-
techniques, the longitudinal E-field vector of the SPP can be triangulated from the dataset, and its
transverse component can be calculated from the divergence-free nature of the evanescent SPP field in
the vacuum. At a pump-probe delay of 70 fs the (red) E-field vectors in the center of the top panel of
Fig. 1b point away from the surface, and this central focus is surrounded by a ring where (blue) field
vectors point towards the surface. Since the temporal dependence of the E-field vectors is known from
the reconstruction, the magnetic H-field vectors at the bottom of Fig. 1b can be derived using the
induction law. The H-field vectors lie within the surface plane and form closed rings of opposite

orientation around the central E-field maximum. Both E- and H- field vectors oscillate in time.
a Experimental concept b Reconstruction ¢ Plasmoemission
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Fig. 1: (a) Sample design
and excitation. (b) Electric
and magnetic field vectors
reconstructed from a
polarimetric pump-probe
experiment at a delay time
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resolved electron emission
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focus.
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Using optimized coupling structures, maximum SPP field strengths of >4 VV/nm have been demonstrated
in the center of Archimedean spirals [3]. Accordingly, electron emission from the central emission spot,
shown in Fig. 1c, is expected to be highly non-linear. Since at least 4 SPP quanta with An=1.52 eV are
required to overcome the work functlon of the clean Au(111) surface, the electron emission from the
SPP focus is dominated by a 4™ order process. The spectral feature at the I'-Point that disperses
parabolically to the Fermi edge represents 4™ order emission from the Au Shockley surface state. All
spectral features are replicated at higher final state energies, indicating the presence of 5" order emission
and above-threshold ionization [4]. Since at the time of electron emission no light was present at the
surface, the electron emission is unambiguously caused by the SPP — a process that was coined
‘plasmoemission’ to distinguish it from the well-known photoemission. The presentation will focus on
the experimental measurement of the electric field and the (coherent) emission path of the electrons
from the nanofocus into the vacuum.

Si substrate
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Terahertz coherent magnonics in canted antiferromagnets
R. A Leemnders', D. Afanasiev?, A. V. Kimel?, R. V. Mikhaylovskiy"
! Lancaster Umversny, Lancaster LA1 4YW United Kingdom
?Radboud Universiteit,6525 ED Nijmegen, the Netherlands

Magnonics aims to employ quanta of spin waves, magnons, to carry, transport and process information,
avoiding the dissipation of energy inherent to electronics. Experiments on magnons in regular
(ferro)magnets have yielded demonstrations of basic logic devices, albeit macroscopic (mm-scale) in
size and operating at GHz frequencies. Recently, the spotlight has shifted towards the use of
antiferromagnets, in which neighbouring spins are aligned antiparallel to each other. This alternating
order leads to significantly higher spin wave propagation velocities and might enable devices operating
at terahertz (trillion of hertz) clock-rates. However, the absence of the net magnetisation also makes
antiferromagnets magnetically ‘invisible’: it is very hard to detect and influence the antiferromagnetic
order. Yet, in some antiferromagnets strong spin—orbit coupling results in canting of the spins, thereby
producing net magnetization. The canted antiferromagnets combine antiferromagnetic order with
phenomena typical for ferromagnets and hold a great potential for spintronics and magnonics. In my talk
I will discuss a new functionality of canted antiferromagnets and altermagnets for magnonics and show
that these materials facilitate mechanisms allowing to generate, detect and convert propagating magnons
at the nanoscale.

Magnitude
)
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Fig. 1. a) Experimental scheme. The spin dynamics is excited by the first 400 nm pump pulse and then
controlled with a second 400 nm pump pulse. The ultrafast dynamics is probed magneto-optically, using a 660
nm pulse. b) Detected spin dynamics as a function of the delay t between the two pumps. ¢) 2-dimensional Fourier
transfor3m of the data in b).

The breakthrough is based on using nanoscale confinement of the laser pump pulse to excite magnons,
while selectively detecting them by scattering of another probe pulse [1,2]. Then we demonstrated
strong nonlinear coupling between magnons and realized the ultrafast conversion of quasi-uniform spin
precession into propagating magnons with higher frequencies (energies) and wavenumbers (momenta)
[3]. We demonstrated suppressing or amplifying of THz propagating magnons, mimicking the operation
of a transistor. To this end, we performed a double pump - probe experiment illustrated in figure 1. The
first pump pulse launches spin dynamics, which are modulated and transformed by the second pump.
The dynamics are probed magneto-optically, using the detection mechanism reported in [1,2]. We find
that the amplitude of the detected spin wave can be controlled by the delay between the pumps (figure
1b). This amplitude modulation is intrinsically nonlinear, as we observe features at (fi, fx) frequencies
(interference), and (fo, fx) frequencies (nonlinear conversion) (figure 1c), where fy is the finite-k
component of the freely propagating spin wave, and f, is the frequency of the uniform spin precession.
Using the Lagrangian formalism for descrlblng nonlinear spin dynamics [2], we can show that our
experiment can be interpreted as conversion of the quasi-uniform spin precession to the finite-k magnon
modes by a second light pulse. The converter enables ultrafast modulation of spin waves in an
antiferromagnet, which is a major milestone in THz magnonics.
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Mid-IR Cr:ZnS/Se ultrafast lasers, power and energy amplifiers
S. Mirov
University of Alabama at Birmingham, Birmingham, AL 35233, USA

Chromium doped ZnSe and ZnS lasers have come of age due to advancements in laser design, thermal
management, fabrication of low-loss polycrystalline gain media, as well as the availability of effective
fiber and hybrid fiber-bulk pump lasers. Ultrafast Cr:ZnS/Se lasers attract growing attention because
they provide direct access to high peak- and average-power scalable few-optical-cycle mid-IR pulses.
The progress in TM:1I-VI lasers has been further accelerated by the development of new methods of
laser material fabrication. Specifically, the technology based on a post-grown thermal diffusion doping
of ZnS and ZnSe [1] has enabled large-scale production of large-size polycrystalline gain elements with
high optical quality and high dopant concentration. This, in turn, has dramatically simplified the
development of ultrafast amplifiers and enabled the development of fs oscillators with unique output
parameters [1-7]. The unique capabilities of polycrystalline Cr:ZnS and Cr:ZnSe for generation,
amplification, and nonlinear frequency conversion of ultra-short optical pulses in the MIR range were
successfully explored for the development of octave-spanning single optical cycle oscillators [5], full
repetition rate MOPAs with average power above 30 W [1], and CPA multipass amplifiers with TW
levels of output power [8]. Cr:ZnS combines superb ultrafast laser capabilities with broad IR
transparency and high nonlinearity of wide-bandgap 11-VI semiconductors. It supports all mode-locking
regimes, from active to passive to Kerr-lens mode-locking. The key advantage of Cr:ZnS Kerr lens-
based ultrafast laser and frequency comb technology is high efficiency: 20 — 25% optical-to-optical
conversion from low-cost CW EDFL light to 2-cycle MIR pulses and 10 — 12% conversion of 2-cycle
pulses at 2.4 um to single-cycle electromagnetic transients in the longwave IR. Cr:ZnS MOPA
architecture supports direct amplification of few-optical-cycle pulses at MHz repetition rates to multi-
Watt levels using a simple and reliable single-pass configuration without additional pulse stretcher and
compressor. Further, the system's complexity is significantly reduced because all the optical signals
required for stabilizing the MIR comb with the large lever arm are generated directly inside the
polycrystalline Cr:ZnS gain medium of a single-pass amplifier. One can equip the system with an
additional optical rectification stage to enhance the optical power in the offset-free longwave IR spectral
band. For instance, ZGP crystal allows the record-breaking efficiency of optical rectification. It
generates super-octave longwave (4-12 um) IR combs with Watt-level power [7]. Those advantages, in
turn, allowed the implementation of shoe-box-sized, lightweight fs frequency combs with the brightness
exceeding the brightness of a synchrotron by orders of magnitude in a broad spectral range [9].
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Fig. 1. Broadening of Cr:ZnS MOPA radiation in
different materials: (A) semiconductors: ZGP, Si,
GaAs, GaN, InP. (B) oxides: TiO,, PbMo0O4, YVO,.
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The developed MIR frequency combs open new avenues in imaging, sensing, and spectroscopy [10].
Generation of supercontinuum radiation in several bulk materials, including InP, Si, GaN, GaAs,
PbMoO,, ZGP, YVO,, and TiO,, using Cr.ZnS femtosecond MOPA pump radiation will be also
discussed at the conference. Some of the materials investigated, as shown in Fig. 1, have excellent
potential as effective media for mid-IR supercontinuum generation, providing a robust approach to
producing ultra-broadband and single-cycle pulses. In our opinion, supercontinuum generation at MHz
repetition rates in bulk materials has several advantages over commonly used approaches based on
integrated guided optics: versatility, simplicity of implementation, and power scalability [11]. Radiation
of Cr:ZnS ultrafast master was used as a seed for a sequence of single pass Cr:ZnS and multipass
Cr:ZnSe energy amplifiers pumped by radiation of nanosecond 1645 nm Er:YAG lasers (ELPN series,
IPG Photonics corporation). The maximum single-pass amplification gain of ~ 2400 was demonstrated
in a 3.5 cm long Cr:ZnS gain element with a chromium concentration of 9.8x10'® cm™ under 12 mJ
pump energy from Q-switched Er:YAG. As seed radiation, 6 nJ fs pulses from a femtosecond Cr:ZnS
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Kerr-lens mode-locked laser operating at 1 kHz were used. The 30-fs seed pulses were not stretched
other than due to the dispersion of the optical elements. The maximum output energy after single-pass
amplification was measured to be 14.4 pJ. Pulses from a single pass Cr:ZnS energy amplifier stretched
to 150 ps were used as a seed for a 5-pass Cr:ZnSe amplifier pumped by a 18 mJ radiation of 1645 nm

Er:-YAG resulting in 5 mJ output at 2350 nm. Further scaling of mid-IR Cr:ZnS/Se CPA to TW-class

system will be discussed for high energy physics applications.
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Verification of Floguet states in graphene using

Ultrafast momentum microscopy
S. Mathias
Georg-August-Universitat Gottingen, 37073 Gottingen,Germany

Recent advances in the field of condensed-matter physics have unlocked the potential to realize and
control emergent material phases that do not exist in thermal equilibrium. One of the most powerful
approaches to study such non-equilibrium phases is femtosecond time- and angle-resolved photoelectron
spectroscopy. In this regard, we recently developed a combined micro-ARPES electronic structure and
real-space photoelectron system that we use to access electronic and excitonic dynamics in space and
time [1,2,3]. We further employ this method to test one of the most promising concepts to create light-
matter coupled phases, namely Floquet engineering, which is the coherent dressing of matter via time-
periodic perturbations. In this field of research, the broad applicability of Floquet engineering to
quantum materials is still unclear, because, for the paradigmatic case of monolayer graphene, the
theoretically predicted Floquet-induced effects have been put into question. We overcome this problem
by using our advanced photoemission setup to provide direct experimental evidence of Floquet
engineering in graphene. We report light-matter dressed Dirac bands by measuring the contribution of
Floquet sidebands, Volkov sidebands, and their quantum path interference to graphene's photoemission
spectral function [4].

Fig. 1. Artistic scheme of Floguet engineering
in graphene and its verification using
time - resolved momentum microscopy

Our results finally demonstrate that Floquet engineering in graphene is possible, paving the way for the
experimental realization of the many theoretical proposals on Floquet-engineered band structures and
topological phases.
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Optically excited quantum materials exhibit nonequilibrium states with remarkable emergent properties
[1], but these phenomena are usually short-lived, decaying on picosecond timescales and limiting
practical applications. In rare instances, photoexcited solids become trapped in metastable states due to
material-specific relaxation bottlenecks [2-16]. Advancing the design and control of nonequilibrium
metastable phases requires a microscopic understanding of their underlying mechanisms and the
development of targeted excitation strategies. Here, we report the observation of photo-induced
metastability in a prototypical one-dimensional cuprate ladder Sr14Cu24041 [17].
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Using femtosecond resonant x-ray scattering and spectroscopy, we show that this metastability involves
a transfer of holes from chain-like charge reservoirs [18, 19] into the ladders. The nonequilibrium charge
redistribution originates from the optical dressing and activation of a hopping pathway that is forbidden
by symmetry at equilibrium. Relaxation back to the ground state is then suppressed after the pump
coherence dissipates. These findings highlight how dressing materials with electromagnetic fields can
dynamically activate terms in the electronic Hamiltonian and provide a rational design strategy for
nonequilibrium phases of matter.
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Exciton-Bloch-equation approach to intervalley coupling and the

Competition of exciton-exciton and exciton-light interaction
A. Knorr, H.Mittenzwey
Technische Universitat Berlin, 10623 Berlin, Germany

In-plane quantum confined electron-hole excitations in semiconductors constitute a remarkable
playground for many-body physics in two dimensions. This involves optically accessible (bright) as well
as spin- and momentum-forbidden (dark) excitonic states for intra- and intervalley excitations. In this
talk, we apply a set of excitonic Bloch equations to address the following topics: (a)Temporal dynamics
of intervalley depolarization: for atomically thin semiconductors we discuss the interplay of momentum-
dark exciton-phonon scattering and intervalley exchange after optical excitation to establish the
equilibration between different valleys (valley depolarization). We find different activation processes for
the intervalley exchange to establish depolarization, depending on whether the energetically lowest
excitonic state is spin-bright or spin-dark, cp. Fig. 1(a-d).
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(b) Competition of exciton light and exciton-exciton interaction: due to the different dielectric screening
of the Coulomb potential in semiconductor quantum wells and atomically semiconductors, the binding
energies of excitons differ by more than an order of magnitude. This situation allows to compare the
competition of exciton-exciton and exciton-light interaction in different regimes: For typical field
strengths in non-linear optical experiments, exciton-exciton interaction dominates the dynamics in
atomically thin semiconductors whereas exciton-light interaction is more pronounced in conventional
guantum well structures. We study excitonic Bloch equations as an approach to theoretically describe
resonant and ultrafast non-linear optical phenomena such as biexciton formation and Rabi-oscillations
and -splitting in an interacting exciton gas. Differences in the optical response, are traced back to the
different strength of exciton-to-biexciton transitions at different ratios of Rabi- and binding energy.
Throughout the talk, a discussion of the theory with respect to recent experiments will be provided.
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Heterostructures of 2D materials have enabled extraordinary possibilities for designing materials that host novel
photonic properties and correlated states. The ability to stack the same or different materials with different lattice
arrangements and twist angles make it possible to tailor materials properties with extraordinary precision. Furthermore,
many 2D materials support strong spin-orbit coupling which enables activating spin degrees of freedom in transport
and optical responses. While the investigation of 2D / 2D heterostructures has drawn the most attention, there are
promising advances made in making organic / 2D material heterostructures. A useful perspective is to consider the
organic layer as a possibly functional layer that “proximitizes” the 2D or layered material, thereby imparting new
functionality [1]. Over the past few years, we have shown that this can drive Lifshitz transitions [2], induce strong
spin-orbit coupling and hence generate spin texture [3], generate hybrid excitons [4], or create layer-dependent
ultrafast spin polarization [5]. ar WTe./Ceo
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Here we show that phenomena of the sort found in 2D / 2D heterostructures can also be found in organic / layered
material heterostructures, with the added dimension that molecules support additional degrees of freedom [6]. In
particular, we show that long-wavelength moiré superstructures can be created, with significant potential modulations
approaching many tens of meV. We show in the case of Cgq on WTe, that the combination of a rectangular and a
hexagonal lattice leads to emergence of a moiré superlattice with a wavelength in excess of 5 nm. We show by ARPES
that this heterostructure is weakly interacting, a precondition for the incommensurate growth of the Cq superlattice. A
detailed structural analysis by low-temperature STM reveals how static distortion waves play an important role in
establishing the epitaxy. Beyond the ability to create a moiré lattice, the molecular adsorbate carries additional degrees
of freedom. In the case of Cg, we show how the moiré potential controls the rotational orientation of the Cgq molecule
on the surface. The resulting rotational supercell, periodic over the whole surface, introduces an additional potential
corrugation.

Fig. 2: STM of 1 ML C60 on WTe2. LUMO,
V=1V, ;= 10 pA

The importance of our findings lies in the ability to create spatially varying and controllable interfacial potentials that
establish large electric fields. In the case of WTe,, these fields can couple to the ferroelectricity originating from the
orthorhombic crystal structure, which in turn are coupled to a complex canted spin texture. The Cg/WTe,
heterostructure offers therefore the possibility to manipulate spin texture on ultrafast timescales by generating time-
varying fields at the interface, and modulated over many nanometers.
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Mid-infrared- and THz-resonant polarizabilities as a route to

Material control: science and sources

J. Moses
Cornell University, Ithaca, NY 14853, United States

Light-driven coherent phonon coupling via the lattice anharmonicity has been used as a tool to
investigate lattice-dependent materials physics for over a decade [1], making use of the recent advent of
intense, ultrafast, mid-infrared and THz sources for driving infrared-active phonons resonantly.
Recently, another pathway for inducing structural change via infrared resonances was identified. Rather
than relying on coupling of infrared- and Raman-active phonons through the lattice anharmonicity, it
instead relies on an optical hyperpolarizability that is jointly dependent on infrared- and Raman-active
phonon displacements (Fig. 1(b)) [2]. The resulting optical scattering effect is a third-order polarizability
and is a form of Raman scattering. Unlike conventional Raman scattering in crystals, the light-matter
interaction is due to the dependence of an infrared-active phonon’s dipole moment on the simultaneous
displacement of a Raman phonon. We found this can produce giant refractive index shifts for a
secondary laser beam when a first laser is resonant with the infrared phonon, and we therefore refer to it
as Infrared Resonant Raman Scattering (IRRS). In SrTiOs;, we have predicted third-order nonlinear
susceptibilities seven orders of magnitude larger than the optical Kerr effect in fused quartz [2,3]. This
prediction, together with the recent measurement of similarly large third-order nonlinearity in quartz
crystal attributed to the quartic anharmonic potential of THz-frequency infrared-active modes [4],
strongly motivates the exploration of ultrafast nonlinear optics in the mid-infrared and THz range due to
coherent phonon effects. Recently, we have also predicted that quasi-static lattice displacements can be
created through the IRRS mechanism, adding another tool, in addition to optical rectification through the
lattice anharmonicity [5], for investigating lattice-dependent materials physics. The lattice
anharmonicity allows a driving force on a Raman-active phonon mode quadratically dependent on an
infrared-active phonon displacement, Qr o QZ. In contrast, IRRS, through the nonlinear polarizability
that is jointly dependent on the infrared and Raman mode displacements, allows a driving force linearly
dependent on an infrared-active phonon displacement and a secondary laser field, Qr « Q;gE 4ser-- ThIS
provides several new opportunities for structural control through the use of two laser pulse sequence [6],
including control of the sign of a fully symmetric Raman mode and the duration of the quasi-static
lattice displacement (Fig. le-h).
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Fig. 1. Left: from [2], (a) a dipole moment is created by the relative displacement of cations relative to anions as an
infrared-active phonon is excited. (b) This dipole moment can be enhanced or reduced by the simultaneous
displacement of a Raman-active phonon, leading to a hyperpolarizability jointly dependent on infrared and
Raman phonons. This is analogous to the conventional Raman scattering effect, in which the dipole induced
by shifting an electronic distribution (c) is modified due to the displacement of a Raman phonon (d).

Right: from [6], two THz-pulse-driven lattice dynamics for a model system involving an infrared mode coupled to a
fully symmetric Raman mode with both pulses resonant with the infrared-active mode. Both the lattice
anharmonicity (e) and the nonlinear polarizability (f) allow quasi-static Raman mode displacements. However, the
nonlinear polarizability can be used to control both the sign and the duration of the lattice displacement by
tuning the pulse separation and the pulse durations, respectively. (g) The combined effects of lattice
anharmonicity and nonlinear polarizability. (h) Line-outs from (f), showing how the nonlinear polarizability
can be used to control the sign of the Raman mode displacement.
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These observations motivate new study of light-driven coherent phonon coupling with intense, ultrafast,
mid-infrared and THz sources. In addition to summarizing the scientific opportunities described above,
we will present several developments in our investigations of new concepts for efficiently down-
converting Yb-laser sources to the mid-infrared and THz ranges to generate pulses with high field
strength and few-picosecond duration. One method involves overcoming the usual quantum-efficiency
limitation of a parametric amplifier through the hybridization of multiple phase-matched nonlinear
optical processes. Using idler second-harmonic generation as an idler elimination method in parametric
amplification [7], we have so far been able to down-convert ultrashort pulses to the mid-infrared with
68% quantum efficiency [8], a several-fold improvement compared to the efficiency of conventional
parametric amplification with bell-shaped Yb-laser beams.
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Time resolved spontaneous Raman scattering in

Materials with electronic order
T. E. Glier!, M. Rerrer?, J. Dolgner?, P. Klein!, M. von Heek C. Arlt,' S. Kaiser®, D. Manske?, K. Burch*
M.Riibhausen’
'Universitat Hamburg, 22761 Hamburg,Germany.
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Techmsche Universitat Dresden, 01062 Dresden, . Germany.
* Boston College, Chestnut Hill, MA 02467, USA

Electronic phase transitions can be studied by time-resolved Raman scattering out of equilibrium in a
very sensitive manner adding the pump as an additional tunable experimental tool to understand the low-
energy excitation spectrum. The pump can address electronic and structural degrees of freedom
depending on wavelength and pulse duration. Two of the most interesting phase transitions resulting in a
gapped single-particle excitation spectrum are the transition into a charge-density wave (CDW) and into
a superconductor. Even though related, these transitions result into quite different quasi-particle
excitations of the electronically ordered phases and the associated coupled degrees of freedom.
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Fig. 1: Time resolved
Raman with a 82 MHz laser
in the “CW” limit. Pulse
durations are typically 1 ps
for probe and pump and the
pulse energy is limited to the
nJ range. Intracavity flexible
harmonic generation allows
to tune pump and probe
wavelength between 200 nm
and 1000 nm. The fully
reflective design of this
custom-made Raman setup
allows for collinear
pump/probe spectroscopy.
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The aim of this presentation is to discuss the similarities and differences in phase an amplitude modes
between these two types of transitions and how to detect them in a time resolved spontaneous Raman
experiment. We will showcase two different materials systems namely the high temperature
superconductor Bi-2212 and the CDW system LaTes. The time resolved custom-made Raman setup is
shown in Fig. 1. I will discuss the setup up its technical realization and our approach to meta data
acquisition within the FAIR data framework. Two main laser sources are being used in the setup. Firstly,
a set of coupled 82 MHz TiSa oscillators provide pump and probe wavelengths for the fully achromatic
and reflective design of our focusing optics. This is the range relevant for selected excitations of charge
gaps in CDW systems and phonons in e.g. graphene enabling the selective pumping of structural and
charge degrees of freedom. The different experimental conditions allow to discriminate between drive
and quench like excitation schemes.
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Fig.2: Time resolved Raman with a fiber laser typically run around 500 kHz with pulse energies of several tenth of
uJ. Pulse durations are typically 300 fs. The higher peak power facilitates the use of an OPA with subsequent FHG
or a DFG to generate IR pulses to structurally pump the sample.

In my talk I will discuss the time resolved investigation of electronic order in superconductors and charge density
wave systems. Electronic order is typically studied subsequently to a quench of the order parameter which is
different to a structural drive. High temperature superconductors show excitations in the single particle and two-
particle channel quite different to the excitations of phonons coupling to amplitude modes in CDW systems.
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Quasiclassical theory of tunneling induced by pulses of

Classical and quantum light
S. Kim, S. Ahn, A. S. Moskalenko
Korea Advanced Institute of Science and Technology- KAIST, Daejeon 34141, Korea

Firstly, we present a general quasiclassical theory of tunneling through time-dependent barriers induced
by ultrashort light pulses [1]. The theory is based on the Lagrangian formulation of the imaginary time
method, extending the classical motion into the complex domain by allowing for the complex time,
trajectories and resulting action. Calculating the complex action, we determine the quasi-classical wave
function and then the tunneling probability. This is important in the context of the recent studies of the
charge transport through nanogaps driven by ultrashort light pulses [2]. We apply our theory to the
situation when the tunneling through the nanogap is driven by an ideal half-cycle pulse (Fig. 1).
(a) (b) 12,
E(t) = E(t)e-
Fig. 1. Left: geometry of the nano-gap formed by two
metallic  nano-contacts and the driving few -cycle
femtosecond light pulse.
Right: the corresponding energy diagram for the
electron  travelling between the nanocontacts
Through the field-influenced time- dependent barrier.
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Among the numerous solutions that contribute to the tunneling probability, we choose two main solution
branches with the largest contributions: The 1st solution exhibits the “tunneling” behavior of a wave
packet whereas the 2nd solution exhibits the “evanescent-wave” behavior (Fig. 2).

20

n

Fig. 2. Tunneling probability density with ’ probability
respect to the time and position of two solutions density
branches Left: 1st solution. Right: 2nd solution.
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We investigate also the dependence of the tunneling probability on the generalized Keldysh parameter
[3] y and various intercontact distances (Fig. 3).
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Fig. 3. Tunneling probabilities in dependence on the Keldysh
parameter y, shown for both solution types and several
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Then we analyze a situation when the tunneling is driven by realistic few-cycle pulses, finding that the
direction of the electron transport in the nanocontacts may be altered in dependence on the carrier-
envelope phase of the driving pulse (Fig. 4), x10°7

Fig. 4. Tunneling direction controlled by the CEP ¢.
Positive (negative) values of the probability difference,
shown by the blue curve, correspond to the left (right) to
right (left) direction of the resulting current flow. The red
curve depicts the result of the quasi-static approximation

probability difference
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similar to the experiment and DFT simulations for larger values of intercontact distance [2], performed
in the direct tunneling regime y «1. Recent experiments [5,6,7] reported the generatlon of quantum
light, called bright squeezed vacuum, with very high intensities on the order of 10'? W/cm? imposed on
matter within few femtoseconds in form of an ultrashort pulse. This poses a question how to
appropriately describe electron tunneling induced by such pulses and, especially, if it is possible to
combine such a description with the quasiclassical formalism for the electron dynamics. We find that
this is indeed, maybe surprisingly, possible by resorting to the method of Bohmian trajectories [8],
applied to describe the quantum light. Since these light-related trajectories are classical, the method is
nicely combinable with the electron-related complex classical trajectories of the quasi-classical
description [9]. Notice that in this approach, opposite to the common semi-classical approach, we treat
light actually as quantum (the Bohmian description is here equivalent to the Copenhagen interpretation)
whereas we treat the matter almost classically (quasi-classically). We apply our theory to study
tunneling in the driven between the metallic tip and the metallic surface in the tunneling microscope
configuration (Fig. 5).

Fig. 5. Schematic diagram of the setup. Pulse is shot from the laser
to the system of metallic tip and surface. Blue curves in between them
visualize the complex and real parts of the trajectory of the tunneling
electron under the action of a field trajectory corresponding to a

) single Bohmian realization contributing to the state of the applied
- quantum light.

We calculate the tunneling probability and demonstrate that it exhibits a transition from the direct
tunneling to the multiphoton regime in dependence on the effective Keldysh-like parameter, which is in
this case determined by the squeezing strength (Fig. 6).
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Shaping high-harmonic spatial structures via

Dynamical symmetry in anisotropic crystals
K. Nagai, T. Okamoto, Y. Shinohara, H. Sanada, K. Oguri
NTT Corporation, 243-0198 Kanagawa, Japan

Symmetry in nonlinear light-matter interactions provides essential guidelines for controlling photon
conversion processes in solid-state materials. In particular, dynamical symmetry (DS) has significantly
advanced our understanding of nonperturbative interactions under strong fields [1]. This framework has
enabled the formulation of selection rules for polarization-dependent high-harmonic generation (HHG),
including unique conservation rules of spin angular momentum (SAM, associated with circular
polarization), which reflect the discrete symmetries of crystals [2]. In addition to SAM, the rich
symmetry properties of anisotropic solids are also promising for controlling orbital angular momentum
(OAM, associated with twisted wavefronts), which provides a basis for describing the spatial degrees of
freedom of light. While the generation of spatially structured light has been successfully demonstrated in
gas-phase HHG by controlling light-field symmetries [3,4], no such demonstration has been achieved in
solids by exploiting their intrinsic crystal symmetries.

Here, we experimentally demonstrate the generation of vectorially structured high harmonics governed
by discrete crystal symmetry through the preservation of dynamical symmetry in an anisotropic crystal
[5]. We induce HHG in the extreme nonlinear regime using a Gaussian-shaped driving beam at a
wavelength of 2.4 um focused into a 2 mm-thick GaSe semiconductor crystal (Fig. 1). By exploiting the
spin—orbit interaction of light, which arises from tight focusing onto a thick uniaxial crystal (e.g., GaSe),
we generate OAM components that interact with the crystal [6]. The resulting light—crystal system is
described within a multiscale dynamical symmetry framework, which governs not only microscopic
light—-matter interactions but also macroscopic beam profiles [4]. We measured polarization-resolved
spatial profiles of the generated harmonics and observed spatial structures that directly reflect the crystal
symmetry. By decomposing the OAM components of the harmonics, we identified that the generated
spin-orbit states are selected by total angular momentum conservation in the solid, which arises from the
dynamical symmetry.
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Fig. 1. Experimental configuration for high harmonic optical angular momentum generation in 2mm-thick GaSe
crystal. The bottom left inset is the beam profile of the fundamental beam and top right insets are those of high
harmonics measured at the camera by inserting color filters.

These results demonstrate that preserving dynamical symmetry in solids provides a powerful approach
for using electronic structures to control the spatial properties of light through photon conversion
processes.
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Coherent phonon-driven modification of orbital-specific

Local field dynamlcs in TizC, Ty (MXene)
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In a recent study by attosecond transient absorption spectroscopy (ATAS), we demonstrated the ability
to probe collective electromagnetic interactions—Iocal field effects (LFEs)—with element specificity
[1]. Here, we take a decisive step further, revealing the role of LFEs in the strongly coupled dynamics of
charge carriers and phonons. We combine ATAS with advanced theoretical modeling to reveal how
phonon-driven modifications of anisotropic LFES govern electron localization and energy transfer at the
microscopic level. We demonstrate orbital-specific LFEs and their modulation by the coherent Aq
phonon mode in functionalized MXene Ti;C,7, (T: O, OH, F). Achieving full agreement with the
experiment requires going beyond both the Born-Oppenheimer and the independent particle
approximation (IPA), as these frameworks fundamentally fail to capture collective effects. Our ATAS
scan (Fig. 1a) directly captures the Ti d-orbital fingerprint as probed via the Ti 3p shallow-core level.
Below the Fermi level, the spectrum reflects mixed d;. and dy, character, while higher-energy states
exhibit nearly pure d character, transitioning to fully pure dy, above 40 eV (Fig. 1b). Solving the Bethe-
Salpeter Equation (BSE) for hot electrons, while incorporating lattice elongations from Ehrenfest
dynamics within time-dependent density functional theory, yields an accurate agreement with
measurement. However, agreement with experiment is only achieved when LFEs are included, whereas
the IPA completely fails to capture the observed behavior (Fig. 1c).
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Our study not only establishes ATAS as a powerful probe of element-specific LFEs but also unveils the
pronounced sensitivity of LFEs to phononic fingerprints at the individual d-orbital level. The proper
incorporation of these effects into theory yields excellent agreement with experiment.
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All-optical atomic-scale detection of the subcycle

Quantum flow of tunnelling electrons
S. Nerreter, T. Siday, J. Hayes, F. Schiegl, F. Sandner, P. Menden, V. Bergbauer, M. Zizlsperger,
S. Lingl, J. Repp, J. Wilhelm, M. A. Huber, Y. A. Gerasimenko, R. Huber
Universitat Regensburg, 93040 Regensburg, Germany

Advancing optical microscopy to the shortest length and time scales has been a key prerequisite to
establish a causal link between nanoscopic elementary dynamics and macroscopic functionalities of
condensed matter. Super-resolution microscopy has bypassed the diffraction limit by harnessing optical
nonlinearities [1]. By utilizing linear light-matter interaction with evanescent fields at metallic tips, yet
higher resolution has been enabled with scanning near-field optical microscopy (SNOM). While this
approach has been combined with simultaneous femtosecond time resolution [2,3], facilitating insights
into the nanocosm in motion, the spatial resolution in near-field microscopy has been limited by the
mesoscopic tip apex (~10 nm) [3], preventing access to the atomic scale. Here, we exploit an extreme
nonlinearity within the near field of an atomically sharp tip to bring all-optical microscopy to combined
subcycle and atomic resolution [4]. This is based on the intriguing discovery of a novel near-field
response where the subcycle AC tunnelling of electrons acts as a quantum source for electromagnetic
radiation. Our approach relies on integrating SNOM with an ultra-high vacuum and cryogenic
environment, enabling picometre control over the tip-sample distance — which is a first in SNOM, to the
best of our knowledge. We couple phase stable THz pulses to the apex of a sharp tungsten tip positioned
in close proximity to an Au(111) surface (Fig. 1a), polarizing the tip and consequently the sample. The
tip then acts as an antenna to scatter the light into the far field where the waveforms, imprinted with
information on the nanoscale dielectric function of the sample, are detected via electro-optic sampling
(EOS). To suppress any far-field background, we tap the tip and capture the electric field demodulated at
harmonics of the tapping frequency. When approaching the tip to the sample, we initially observe the
typical increase in the scattered near-field signal on length scales comparable to the tip’s radius of
curvature [3] (Fig. 1b, tip-tapping amplitude A = 25 nm).
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Fig. 1. (a) A THz light pulse (E;;4ne) is coupled to the apex of a sharp tungsten tip positioned close to the
surface of Au(111). The scattered ﬁght (ESat) is detected using EOS. Modulating the height of the STM tip and
measuring at harmonics n of the tip-tapping frequency, we isolate the harmonics E3** from the far-field
background. (b) E5°®* at varying relative tip-sample distances 4z (A = 25 nm). For the shortest 4z, the transient
is markedly transformed, accruing a phase shift Ap, and dramatic increase in peak amplitude. (c) Peak  of  the
scattered THz transients £5°%¢ (A = 200 pm), alongside the time-integrated lightwave tunnelling  current Jw)
measured for increasing 4z. (d) Top: Formation of a mesoscopic near-field dipole p.sat the tip  apex, driven by
Eiign: at time t; where Ejigy; is maximal. Atomically confined tunnelling currents /4, flow in response to p,. Bottom:
At time t, there is no py; as Ejigy Crosses zero, but py, is at its maximum.

Surprisingly, at distances < 1 nm, the amplitude of the scattered near-field waveform rises much more
rapidly with decreasing tip-sample distance accompanied by a phase shift of ~n/2. These observations
indicate the emergence of a fundamentally new contribution to the scattered fields. Since the large
tapping amplitude mixes atomic-scale with classical near-field signals, we reduce A to the atomic scale
(A =200 pm), which is more than two orders of magnitude smaller than typical tapping amplitudes used
in SNOM, to isolate this new contribution. At such small distances where wavefunction overlap between
tip and sample is retained over the entire tapping cycle, lightwave-driven tunnelling currents rectified by
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the nonlinearity of the tunnelling junction start to occur. Remarkably, under these extreme conditions we
still manage to observe a near-field signal which even decays on the same length scale as the time-
averaged lightwave-driven tunnelling currents (Fig. 1c), indicating the origin of the atomically confined
near fields: a polarization stemming from subcycle quantum mechanical AC tunnelling currents.
Typically, the classical mesoscopic near-field interaction can be described by a near-field dipole pns that
follows the electric field in phase, reaching its maximum at time t; in Fig. 1d, top. Yet, in our conditions,
atomically confined tunnelling currents can flow in response to pns. These tunnelled electrons transiently
charge the tip and form a second dipole py,. At time t, where the electric field crosses zero, the
accumulated tunnelled charge and thus py is maximal (Fig. 1d, bottom), leading to the observed phase
shift of m/2, which we confirm with ab initio quantum simulations. As this new near-field optical
tunnelling emission (NOTE) signal originates from tunnelling currents, we expect the achievable spatial
resolution to be on the atomic scale. We assess this by using nanometre-sized packing defects on
Au(111)hidden to atomic force microscopy but revealed by scanning tunnelling microscopySTM, Fig.2a
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When performing line scans over such a defect with both lightwave-driven STM (Fig. 2b) and the
instantaneous NOTE signal measured at the peak of the scattered transient (Fig. 2c), we find that the
spatial resolution of NOTE follows the same rules as STM: It emerges from the orbital overlap between
the frontier atom of the tip and the sample. Moreover, NOTE offers insights into the tunnelling
dynamics during the oscillation cycle of the driving light field. In most material systems the ultrafast
quantum flow of tunnelling electrons is unlikely to align with DC measurements. To showcase this, we
investigate the NOTE signal on a native trilayer of WSe, exfoliated on Au(111). The multiple layers add
ultrafast tunnelling pathways hidden from time-integrated measurements. By measuring the NOTE and
near-field transients on the trilayer and inverting the tip-transfer function, we retrieve the NOTE and
near-field dipoles in the tunnelling junction as a function of time (Fig. 2d). Taking the time derivative of
the NOTE dipole enables us to directly trace the subcycle tunnelling current (Fig. 2d, orange), revealing
that, intriguingly, electrons appear to enter the trilayer for voltages inside the DC bandgap. Here, field-
induced band bending and subcycle distortion of atomic orbitals in the top WSe; layer, owing to charges
which remain confined within the trilayer itself over the entire THz pulse, may contribute to the signal.
This subcycle separation of charges without a time-averaged current would be invisible to time-
integrated probing of lightwave-driven currents [5 6,7,8]. In summary, our study reveals a novel atomic-
scale near-field signal formed by lightwave-tunnelling currents. Via EOS, NOTE microscopy enables
subcycle tracking of the quantum flow of tunnelling electrons in angstrom-scale tunnelling junctions,
even on insulating materials.
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Tailored optical excitation in certain high-T¢ cuprates has been shown to induce superconducting-like
coherence at temperatures far above T¢, as evidenced by the terahertz-frequency optical properties in the
nonequilibrium state [1]. In single-layer cuprates of the 214 family, signatures of transiently enhanced
interlayer Josephson tunneling were observed both by resonant driving of phonon modes [2] and upon
non-resonant high-energy charge excitation in the near infrared [3]. These responses were associated
with the perturbation of the charge stripe phase, which coexists and competes with superconductivity at
equilibrium. Here, we discuss the results on 214 cuprates by combining data taken on La,«Ba,CuQ,, for
various temperatures, doping levels, and applied DC magnetic fields [3, 4], with those recently reported
for La;exNdo4SrkCuO,4 and LapSrCuO, [5]. We show how the degree of coherence of the
photoinduced THz response appears to be positively affected by a preexisting stripe phase with longer
correlation length at equilibrium. We interpret these results as an indication that optically-enhanced
interlayer coupling in this class of materials does not originate from a simple optical melting of charge
stripes, as previously hypothesized. Rather, we speculate that the photoinduced state may emerge from
activated tunneling between optically-excited stripes in adjacent planes [4].Different from 214 cuprates,
in bi-layer YBa,Cu3Os.x, Optically-enhanced superconductivity [6, 7] was initially attributed to the
nonlinear excitation of certain lattice modes in the mid infrared and the creation of new crystal structures
[8]. More recent work, however, has associated this phenomenon to a parametric excitation and
amplification of Josephson plasma polaritons, which are overdamped above T¢ but are made coherent
by the phonon drive [9, 10].Here we discuss a study of the photoinduced dynamics in YBa,Cu3Og¢4s at T
> T upon resonant drive of apical oxygen phonons by systematically tuning the duration and energy of
the mid-infrared excitation pulses. We show how the lifetime of the superconducting-like response can
be extended to several picoseconds (see Fig. 1), thus removing possible ambiguities in the low-
frequency terahertz properties [11].
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We also report a comparison with the transient optical properties measured along the Cu-O layers [12].
These show, as the out-of-plane response, signatures of nonequilibrium superconductivity, with the
opening of a gap in o1(®) and a low-frequency divergence in o,(®), albeit of a different magnitude with
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respect to the equilibrium properties below T¢. By fitting the complex optical conductivity with two-
fluid superconducting models throughout its dynamic evolution, we were able to extract relevant
parameters and study their behavior along the different crystallographic directions. This experiment
provides a complete characterization of the transient optical response in apical-oxygen-driven
YBa,Cu30s 45 to be combined with the recent observation of a Meissner-like magnetic field expulsion in
the same material [13].
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Femtosecond laser pulses have emerged as a versatile tool for studying and controlling magnetic
materials [1, 2]. The resonant coupling of light to electronic, orbital, spin, and lattice degrees of freedom
is particularly crucial for controlling the abundant yet elusive antiferromagnets (AFM), which have zero
net magnetization and do not respond to external magnetic fields. Since the shape and occupation of
electron orbitals significantly affect superexchange and anisotropy, photoexcitation of orbital resonances
with ultrafast laser pulses is a promising route for manipulating antiferromagnetic order. However, to
date, orbitally-driven spin dynamics have only been demonstrated on a handful of systems [3,4,5,6].

this work, we engineer orbitally-driven spin dynamics on the platform of mixed transition-metal
thiophosphates Mn;xNixPS3. For this, there are two key considerations: First, the magnetic anisotropy
must be “stiff” enough to distinguish between AFM ground states, yet “soft” enough that spins can
respond to the small change induced by the orbital excitation. Second, the photoexcited state must
demonstrate high quantum efficiency and possess significant coupling to spins to ensure the transient
effects are substantial. Here, we achieve selectivity over both the AFM ground state and the orbital-
driver by creating a mixed TM-thiophosphate system. Specifically, we mix MnPS; — a zero-orbital
angular momentum AFM with low magnetic anisotropy — with NiPSs, an AFM in a competing ground-
state configuration with a large single-ion anisotropy. Despite their structural similarities, the magnetic
properties of Mn and NiPS; differ due to the distinct spin configurations of the TM ions. MnPSz adopts a
Néel (N)-type AFM order while N|P83 exhibits a zigzag (ZZ)-type AFM order, as shown in Fig.1a.
Furthermore, the Mn?* ion, with a 3d° configuration, has zero orbital angular momentum, negligible
spin-orbit coupling, and a smglet ground state that is insensitive to the Dzq distortion of the sulfur
octahedra. In contrast, the Ni?* ion, with a 3d® configuration, has a larger orbital moment that contributes
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to a significantly stronger in-plane anisotropy favoring alignment of splns orthogonal to that in MnPSs.
The trigonal distortion in NiPS; leads to a visible splitting of the ng orbital resonance at low
temperature [7,8]. In Fig.1b, we combine mSHG (teal) and mLB (purple) measurements to generate an
AFM phase diagram for mixed Mn;.NixPS; compounds.
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Fig. 1 The crystal and magnetic structure of Mn,,Ni,PS;. (a) The transition metal (TM) |ons form a
hexagonal lattice and are surrounded by S° octahedral cages. The orbital configurations for Mn?* and Ni?* ions in
the octahedral (Oy) crystal field, accompanied by a trigonal (Dsg) distortion is shown in the center. The high-spin

Al ground state of Mn®* (left) has zero orbital momentum and favors a Néel (N)-type antiferromagnetic (AFM)
order with weak out-of-plane anisotropy given by magnetic dipolar interactions. In contrast the significantly
hlgher trigonal distortion and spin-orbit coupling leads to an in-plane anisotropy for Ni** (rlght) which has an
zig-zag (ZZ) AFM order. (b) The AFM ground state of Mn,,Ni,PS;. The Mn (Ni)-rich compounds have a N (Z2)-
type AFM ground state reflective of the pure compound. A spatial inversion symmetry breaking in the N-type
order gives magnetic second-harmonic generation (mSHG), which is used to determine the onset of the AFM order
at the Néel temperature (Ty). Similarly, the ZZ AFM gives rise to magnetic linear birefringence  (mLB), which
is used to probe the onset of the AFM order In the Ni-rich compounds.

First, we observe that Mn-rich samples (x < 0.5) exhibit mSHG, while mLB only occurs in Ni-rich
samples (x > 0.5); this indicates that the AFM ground state is primarily dictated by the quantitatively
dominant TM ion, such that the Mn (Ni)-rich side of the phase diagram shows a N (ZZ)-type order.
Secondly, we observe a suppression of Ty — relative to pure Mn and NiPS; — upon mixing; this
suppression is reflective of the competition between N and ZZ-type orders. At half-mixing (x = 0.5), the
frustration suppresses long-range magnetic order, resulting in a spin-glass state and the absence of mLB
and mSHG [9]. Having established our ground state, we now evaluate the efficacy of orbital resonances
in driving coherent spin dynamics. The experimental schematic is depicted in Fig. 2a. We start with the
Mn-rich side of the phase diagram and use mSHG to probe the spin dynamics. The pump photon energy
is continuously varied from 0.8 to 2.4 eV acfoss the orbital resonances of both Ni and Mn ions. The
incident pump fluence is constant at 1 mJ/cm?. The probe pulse is 1.2 eV, off the orbital resonances in
both Mn and Ni ions, with the mSHG signal measured in the transmission geometry. The pump-induced
change in the mSHG signal for the x = 0.35 sample (MnggsNio 35PS3) as a function pump-probe delay is
shown in Fig. 2b. To highlight coherent oscillations, we subtract a contribution from the signal with the
functional form of a bi-exponential decay arising from electron and lattice relaxation dynamics. What is
immediately striking from the photon-energy dependence of Fig. 2b is the Iarge amplltude dynamics
with a driven by the 0.94 eV pump (purple), and nominally corresponds to the Azg — ng Ni d-d orbital
excitation. Here, the amplitude of AmSHG is nearly 1% of the equilibrium value. At higher photon
energies, smaller resonances are highlighted in magenta, violet and turquoise at 1.50, 1.71 and 1.91 eV,
respectively, and are in nominal agreement with previously identified Mn and Ni d-d orbital resonangces.
SpeCIflcaIIy, the Ni excitations Az — Al is a Zhang-Rice singlet exmton centered at 1.5 eV, A2
— T1 is an Ni d-d orbital eXC|tat|on centered at 1.7 eV, and the Mn Al —"*Ty, orbital excitation is
centered at 1.9 eV [8, 10]. To verify the magnetic origin of these coherent oscntllatlons we show the
temperature dependence of the dynamics measured with the 0.94 eV excitation in Fig.2c; the frequency
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of the dynamics is 45 GHz and softens directly towards the Néel temperature at Ty = 52 K,
characteristic of an antiferromagnetic magnon. Remarkably, even though the sample is Mn-rich, the
resonances associated with Ni d-d orbital resonances are the most efficient at
at magnon generation. To further establish the efficacy of the Ni orbital driver, we replicate the
experiment on the x = 0.1 sample (MnggNip1PS3). A look at the Fourier transform of the measured
dynamics in x = 0.1 and 0.35 samples are shown in Fig. 2d.
Fig. .2 Excitation of coherent dynamics
d via onant orbital excitations in Mn;,.
MnPS, D 0 0 D.. NiPS, Ni,PS;. (@) The experlmental
: d L ; configuration.  Bulk ~ Mn,Ni,PS; of
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(purple) and Mn** (turquoise).

In pure MnPS; the two zone center modes are degenerate with a frequency of 120 GHz. In the x = 0.1
mixture, we see two modes at 92 and 39 GHz, which are further renormalized to 45 and 25 GHz in the x
= 0.35 mixture. The decrease in the magnon frequency is reflective of the quench of the exchange
interaction by Ni-doping in the Mn-rich side of the phase diagram, which is also reflected in the Néel
temperature (see Fig.1b). In addition, a small in-plane anisotropy is introduced, which splits the
degeneracy of the zone-center magnons. We show the amplitude of the 45 (92) GHz modes as a function
of pump photon energy in the x = 0.35 (0.1) sample in the top (bottom) panel of Fig. 2d. The Ni orbital
resonances are clearly visible in the x = 0.35 sample. Here, the line shape is best fit with four Gaussians,
which peak at EN. =[0.925, 0.975, 1.498, 1.708] eV, consistent with the resonances given by a splitting
of the excited ng triplet state due to a trigonal distortion D34 of the NiSg octahedra (see Fig. 1a). Even
in the x=0.1 composition, we see that the 0.94 eV excitation still dominates in terms of magnon
generation efficiency. Since the data here is less dense, we can only tentatively identify the small orbital
resonances of Ni and Mn at 1.55 and 1.98 eV. While these higher energy orbital-driving efficiencies are
suppressed, the large amplitude precession driven by the Tz Ni orbital excitation remains surprisingly
robust. We briefly note that this observation is also conS|stent in simultaneous measurements of AmMSHG
in the reflection geometry and AmLB in transmission. To better understand the spin-wave symmetry
the mixed compounds, we study their pump-polarization and helicity dependence, again using the “T
orbital resonance as the driver.Spin-wave dynamics measured at 10K for x=0.1sample is shown Fig. 3a
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Fig. 3. Phase control of
orbitally-driven spin dynamics in
Mn/—xNixPS3. (a, b) Helicity
dependence of the magnon excitation
for the x = 0.1 and x = 0.35 sample at
0.3 —— % 10 K. (¢ Frequency of the magnons
driven by the Ni ®A,, orbital excitation
T=10K R as a function of Ni ?raction, measured
o with magnetic linear birefringence.
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O ; shows the linear pump polarization
& 5o ; o 'c?émp' dependence for the 92 GHz mode in x
00 . , | 9odep. = 0.1 and the 48 GHz mode in x = 0.2
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It is readily apparent that the magnon phase is independent of pump helicity, like pure MnPS; [6];
however, increasing the Ni fraction to 0.35, the modes acquire helicity dependence, like behavior
observed in pure NiPS; [11]. This observation indicates that the symmetry of the magnons
fundamentally changes from the x = 0.1 mixture to the x = 0.35 mixture. This change is not tied to the
type of AFM order in the ground state — the symmetry selective magneto-optical probes shown in Fig.
1b unambiguously identifies the N-type AFM ground state for x < 0.5, like that of pure MnPS3. The
helicity dependence therefore comes from a change in the magnetic anisotropy and a reorientation of the
Néel vector from out-of-plane to in-plane upon mixing. Such a reorientation would be within our
expectations, as the single-ion anisotropy of Mn is intrinsically low. When mixed with TM ions of
higher single-ion anisotropy, such as Fe and Ni, the Mn ions are prone to spin-orientation [12, 13, 14].
To confirm our hypothesis, we use the 0.95 eV pump excitation to drive coherent spin-precession across
the entire composition spectrum of Mn;_«NixPS3. The results are summarized in Fig. 3e; we observe that
while the frequency of the magnon changes with the parameters of the AFM ground state, the helicity
dependence is maintained for the compositions where x > 0.2. In the inset, we show the linear pump-
polarization dependence at 10 K. We see that the 92 GHz mode in x = 0.1 samples is largely isotropic,
while the 48 GHz mode in x = 0.2 is anisotropic much like the magnon behavior seen in pure NiPSs. In
this work, we have outlined a new strategy for orbital control of antiferromagnetic coherent spin
dynamics. Specifically, we demonstrate that the chemical substitution of TM ions in isostructural
compounds is an effective method for tuning the AFM ground state and enhancing spin precession
amplitudes. By introducing 10% of Ni ions into MnPS3; — a material characterized by minimal orbital
momentum and inherently weak anisotropy — we show that we can enhance the response of spins to
orbital excitation by an order of magnitude. Further tuning the chemical composition, we show that we
can change the very nature of the spin-wave excitation: From Neel-type out-of-plane (x = 0.1) like that
in MnPS3, to Neel-type in-plane (x = 0.35), to ZZ in-plane (x > 0.5) like that in NiPS;.

AmLB (norm.)

Frequency (THz)

AMLB (norm.)
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Symmetry breaking phenomena are crucial for many nonlinear physical phenomena [1,2,3,4]. Tailored-
light field interaction with graphene, a highly symmetric two-dimensional material, allows for probing
specific symmetry breaking phenomena by means of photocurrent spectroscopy. With two linearly
polarized harmonic light fields, where we can independently control polarization angle and delay, we
map out the photocurrent selection rules for the combined electric field and material symmetries [2,5,6].
We benchmark these results with state-of-the-art time-dependent density functional theory (TDDFT)
simulations, apply this technique to samples with inherent broken time-reversal symmetry (TRS) and
predict this broken symmetry’s effect on the two-color photocurrent response.

(a) Biharmonic Electric Field Synthesis

Fig. 1. a) Electric field components.
Two linearly polarized fields at
frequencies w and 2w are combined
to create a biharmonic light field. We
vary the relative polarization axis
between the two beams (6,,_,,) and
the two-color phase delay (¢,,_24)-

b) Mapped photocurrent for the
variation of the two-color phase delay
(¢up-24) and the angle between the
dressing (w) and driving (2w) light
pU|S€ (ew—Zw)-
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Two-color photocurrents in graphene, an inversion-symmetric material, primarily stem from asymmetric
carrier distributions in the conduction bands, known as injection currents. TRS dictates that excitation
probabilities must be equal for conjugate momenta, leading to a suppression of this injection current for
TRS-maintaining light-matter systems. Here, we investigate symmetry-protected injection current
suppression by biharmonic field synthesis (Fig. 1a) to probe TRS breaking. We combine two linearly
polarized harmonics with control over the two-color phase (¢, _2.) and polarization angle (6,,_,)-
With this technique, we individually break mirror symmetry (with respect to the graphene/electrode
axis) and TRS to measure the symmetry-dependent injection current suppression (Fig. 1b). The
photocurrent map (Fig. 1b) highlights unique suppressions of the injection current for symmetry-
maintained field-material combinations. When ¢, _,,, =0.5m ((i), vertical), TRS is strictly maintained,
leading to a strong suppression of the injection current. When 6,,_,,, = 90° ((ii), horizontal), mirror
symmetry is maintained leading to a suppression of the injection current. Finally, characteristic two-
color phase dependent injection currents are measured for fields that break mirror and TRS (iii-iv). We
apply this new photocurrent spectroscopy to TRS-broken systems such as Crlz and an inversion-
symmetric Floquet topological insulator. We show that simulated two-color-phase-dependent
photocurrent responses behave starkly differently, allowing these tailored fields to be used for probing
broken symmetries. Our work shows the potential of using linearly polarized short laser pulses to probe
symmetry-broken phases of matter, with precise control over the symmetry-breaking [7]. This method is
ultrafast, in nature, and does not require the use of magnetic fields or circularly polarized electric fields.
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Laser induced ultrafast demagnetization was first observed in 1996 [1]. Excitation with a short,
femtosecond laser pulse was found to demagnetize a ferromagnetic Ni film within less than 0.5
picoseconds. The mechanism that could cause such fast dissipation of spin angular momentum has been
intensively debated during the last two decades, but consensus on the dominant mechanism that drives
the demagnetization has not yet emerged [2]. We discuss here recent theory developements for two
possible scenarios, (1) demagnetization in ferro-magnetic films through ultrafast magnon generation [3],
and (2) ultrafast demagnetization through non-local spin transport. The latter may occur through
superdiffusive spin transport in metallic heterostructures [4]. An alternative mechanism is called OISTR,
in which the optical excitation transfers spin from one atom to a neighboring atom in a compound
[5,6,7].

For scenario (1), we developed ab initio parameterized out-of-equilibrium theory based on a quantum
kinetic approach to describe magnon occupation dynamics due to electron-magnon scattering [8]. We
performed quantitative simulations of the ultrafast generation of magnons in iron and find that the
magnon distribution is highly non-thermal. Our ab initio calculations show that ultrafast generation of
non-thermal magnons provides a sizable demagnetization within 200 fs in excellent comparison with
experiment [3], see Fig. 1. This finding emphasizes the importance of non-thermal magnon excitations
for the ultrafast demagnetization process in single ferromagnetic films.
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| Fig. 1. Comparison between experiment
- 0.95 ‘c\ 1 and theory for the  ultrafast
§_ -0 o o © { demagnetization of an iron film. The
= po0l | theory is based on ultrafast excitation of
— _ this theory non-thermal magnons due to electron-
) 1 magnon scattering. The experimental data
0.85 | © Hexperiment 4 (symbols) are those of Ref. [3].
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For case (2) we performed ab initio calculations for ferromagnetic FePt to investigate through which
mechanism ultrafast demagnetization occurs in TDDFT. We find that fs demagnetization in TDDFT is a
longitudinal magnetization reduction (spin flip) and results from a nonlinear opto-magnetic effect, akin
to the inverse Faraday effect [9]. The demagnetization scales quadratically with the electric field E in the
perturbative limit, i.c., AM, o« E2. Moreover, the magnetization dynamics happens dominantly at even
multiples nwo, (n = 0 2, - ) of the pump-laser frequency wo. The main contribution to the
demagnetization occurs at @ ~ 0, consistent with the inverse Faraday effect mechanism. Our results
imply that magnetization modulation coherent with the light-wave frequency @ [6] is not possible. We
furthermore establish that electronic coherence plays a dominant role in the demagnetization process,
whereas interpretations based on occupation numbers poorly describe the ultrafast demagnetization on
the femtosecond timescale [9].
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The spin-to-charge conversion (SCC) on ultrafast timescales enabled by spin Hall effect (SHE) and the
inverse spin Hall effect (ISHE) is an emerging research topic in nanomagnetism and spintronics that can
have a great impact on THz physics, ultrafast-magnetism and ultrafast photonics [1,2]. In this
presentation we investigate the SCC conversion at ferromagnetic (FM) / non-magnetic (NM) multilayers
utilizing the THz emission of the thin layers. In particular, we deal with the generation and the transport
of an ultrafast spin current after femtosecond (fs) laser pulse excitation of FM/NM structures. The fs-
laser excites spin current in the FM layer that diffuses into the NM layer where it is then converted by
the ISHE to an ultrafast charge current that is able to emit THz radiation. The THz emission from these
structures can cover a frequency range from 0.1 to 30 THz and moreover without any phonon
absorption. The latter renders them superior to all the current solid emitters and subsequently makes
them candidates to further develop THz technology and to be applied in various applications spanning
from chemistry and material sciences to medicine and security [1,2,3]. In details, we use the THz
emission to quantify the SCC from structural and compositional gradient FM/NM multilayers. We
induce during growth process the tetragonal L1o-FePt crystal phase at the interface. We show that a
graded structure of Fe/L1y-FePt/Pt boosts the THz emission (Fig. 1).

& 2000 Fig. 1. THz E-field amplitude emission from a series
R of Fe / L1,-FePt / Pt samples. The presence at the
s Fe/Pt interface of alternate layers of Fe and Pt in the
g 7 |1 L1, phase creates a graded structure that enhances
2777 the spin-to-charge conversion as the enhanced THz
3 2000 S|fgnal shows. The effect is sensitive to the thicknesses
i -3000 of the Fe layers and the chemical gradient that the
= 4000 | [—— Fe (Lo nmy /L1 FePt @ nmy /Pt (2 nm) L1,-phase provides.
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We present the dependence of the THz emission with respect to the thickness of the induced L1o-phase
and the thicknesses of Fe and Pt layers. We further engineering the alloy-interface by changing the
stoichiometry of the lattice without modifying the tetragonal L1, crystal symmetry. Practically, by
maintaining the crystal structure we only modify the chemical composition achieving a compositional
graded structure. We reveal that the graded interface has a large influence on the magnetization reversal
that we attribute to the different values of exchange stiffness of Fe atoms. The stoichiometrically graded
tetragonal structure modifies further the THz emission. Finally, SCC, interface transparency and
subsequent Terahertz emission efficiency are correlated to investigations of the magnetization profile in
the L1,-FePt phase and the Pt layers. The profile is determined using x-ray resonant magnetic
reflectivity measurements (XRMS). The measurements were performed at the European Synchrotron
Radiation Facility (ESRF) with x-ray energy corresponding to the L3 resonant edge of Pt. XRMS
allowed us to extract the element-specific polarization profile and assess the interplay between structural
and magnetic interfaces of the multilayers (Fig.2).
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Pt (6nm) sample. The magnetic information is
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Our results shed light on the structure-property relationship of the SCC effect. We use Fe/Pt as a starting
model system to induce a compositional grading (chemical stoichiometry) or a structural gradient at the
interface. We utilize the THz emission to probe without electrical contacts the ultrafast SCC mechanism
and to quantify the FM/NM interface transparency of spin current and the spin-to-charge efficiency of
such gradient nanostructures. The ability of the L1, phase to transfer spin current and to emit THz
radiation reveals the potential of graded structures as efficient spintronic THz sources [4].
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Real-time time-dependent DFT investigation of the ultrafast
Laser-induced carrier and

Magnetization dynamics in SrTiO;
A. Darmawan, M. E. Gruner, R. Pentcheva
Universitét Duisburg-Essen, 47057 Duisburg, Germany

Recent experimental studies indicate electric-field-driven ferroelectricity [1] and multiferroicity [2] in
the paradigmatic nonmagnetic band insulator SrTiOs in the terahertz regime. Following a
comprehensive study of the optical [3] and x-ray absorption [4] spectra including quasiparticle and
excitonic effects, here we explore the response of SrTiO3; to optical laser excitation. Using real-time
time-dependent density functional theory (RT-TDDFT) as implemented in the elk code [5] we
investigate both linear and circular polarized laser pulses and vary systematically the laser frequency and
fluence. A complex site- and orbital-dependent temporal dynamics is observed with opposite sign of
fluctuations at O and Ti sites and charge transfer from O 2p to Ti 3d states for linearly polarized light,
that breaks dynamically inversion symmetry. Notably, circularly polarized pulses induce a finite
transient magnetic moment of up to 0.1pg at the Ti sites which is absent for linearly polarized pulses. We
assess the origin of the induced magnetization.

Fig. 1. Electron density redistribution at 20 fs upon
laser excitation of SrTiO3 with circularly polarized light.

Time: 16.2259 fs l

Notably, circularly polarized pulses induce a finite transient magnetic moment of up to 0.1pg at the Ti
sites which is absent for linearly polarized pulses. We assess the origin of the induced magnetization.
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Two-dimensional Coherent Terahertz (THz-2DCS) spectroscopy allows the study and control of quantum
materials with an unprecedented resolution by using a pair of phase-locked, intense Terahertz (THz) laser
pulses to capture both amplitude and phase dynamics. It adds a second frequency dimension that provides a
strategy and advanced resolution to distinguish between multiple quantum pathways contributing at the same
frequency in the one-dimensional (1D) spectra obtained by conventional ultrafast spectroscopies. Beyond
characterizing equilibrium states, THz-2DCS provides advanced measurements of coherence, symmetry,
correlations, couplings, and non-perturbative responses of light-induced non-equilibrium states of quantum
materials—thus offering capabilities that conventional materials characterization techniques cannot. For
instance, multiple electromagnetic field pulses with precisely tailored phases and amplitudes can be used to
achieve nonlinear modulation of equilibrium quantum material properties in time and thus reveal emergent
quantum phases. Starting from our theoretical predictions of new THz-2DCS spectral features arising from
time-modulation of superconducting order parameters by a pair of electromagnetic field pulses with
controlled relative phases [1,2,3], key milestones of our experiment-theory team's work presented in this talk
include: 1. First-ever THz-2DCS measurements in superconductors, uncovering a THz-light-induced
transition from hybrid-Higgs modes to Floquet-driven states with phase-amplitude collective modes in iron
pnictides [4,5]. 2. Discovery of THz-2DCS responses in infinite-layer nickelates consistent with d-
wave symmetry akin to cuprates [6,7]. 3. Demonstration of THz-light-induced persistent anisotropic
DC supercurrents that break inversion symmetry and activate forbidden Higgs and second-harmonic
forbidden responses—Iaying the groundwork for quantum control through collective modes [8,9]. As a
result, Higgs collective modes dominate THz 2DCS at distinct 2D frequencies, even in the absence of
disorder, which allows their separation from quasiparticle excitations and enhances disorder mechanisms. In
the first part of the talk, we will discuss Dicke-superradiant-like coherent nonlinear emission in periodically
driven superconductor soliton states. Such superradiance-like nonlinear coherent emission behavior can be
generated and controlled by designing THz excitation protocols involving single- and multi-cycle pulses.
The Dicke model of soliton states describes the coupling of an ensemble of two-level quantum systems by a
bosonic mode, such as the electromagnetic mode inside an optical cavity. A transition from the normal state,
where the emitters/two level systems behave independently, to the superradiant state, characterized by
cooperative “giant spin” soliton behavior, occurs as the coupling increases. It manifests as enhanced
coherence and intensity of emitted radiation (Dicke superradiance). Here, synchronization of pseudo-spins is
driven self-consistently by undamped order parameter oscillations. Fig.1 shows our simulations for a
homogeneous FeAs superconductor with low-energy gap 2A=6.8 meV, which is excited by a wy = 1 THz
multi-cycle pulse, which reveals that: 1. Weak excitation results in second-harmonic oscillations at 2w,
(grey line); 2. Above a critical excitation, soliton oscillations emerge at a distinct frequency w,,; (magenta
line), producing characteristic sidebands at 2w,_wg,; in the 2D THz spectrum (white lines);3.Rabi flopping
manifests as additional sidebands in THz-2DCS along the w.-axis.
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In the second part of the talk, we will discuss quantum echo signals made possible through Higgs collective
modes and the retrieval of phase coherence stored in multiple collective modes and quasiparticle excitations.
We reveal distinct rephasing and two-quantum pathways associated with unconventional broadening and
Higgs-quasiparticle anharmonic couplings, including re-phasing and two-quantum coherence dynamics
leading to echo signals with characteristic temporal profiles. By generating, preserving, and retrieving phase
coherence, a pulse of light propagating through a medium with inhomogeneously broadened excitations and
small homogeneous linewidth can be forced to re-emerge later as a photon echo. Here we compare echo
signals involving collective modes in superconductors with those arising from uncorrelated two-level
excitations as in atomic/spin systems, and with those from exciton or Josephson plasmon bosonic excitations,
where the echo signal temporal profile is affected significantly by the scattering of bosonic excitations with
momenta Q and -Q. For instance, exciton-exciton two-quantum coherences are known to introduce new
wave mixing signals for negative time delays, absent in two-level systems. Here we show that
superconducting echoes can arise from a “time grating” resulting coherence imprinted in the order parameter
by the frequency-difference Raman process of excitation and deexcitation by two different THz pulses
[1,2,3]. This order parameter modulation depends on the relative phase (time delay) between the two pulses.
Unlike for bosonic excitations, where scattering affects the nonlinear effects, superconductor collective
modes exhibit nonlinear coupling to other excitations via anharmonicity rather than direct interaction.
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We will discuss the unconventional quantum echo signal arising from Higgs coherence in a niobium
superconductor, and identify distinct experimental signatures attributed such anharmonicity. Notable
differences from conventional behaviors include: 1.Negative time delay signals absent in uncorrelated two-
level systems, arising from two-quantum processes involving Higgs (amplitude) modes coupled by
anharmonicity; 2. Rephasing signal contributions exhibiting time-delayed photon echoes with distinct t-
dependence, i.e., with time profile differing from echoes in disordered two-level systems; 3. Anharmonic
effects in superconductors, which contrast with interaction-induced echo features in excitonic systems and
Josephson plasmons, where finite center-of-mass momentum (Q,-Q) continuum states dominate; 4.Echo
signals at the Higgs frequency wp=2Asc distinct from conventional signals at laser frequencies ~wo observed
in earlier THz-2DCS semiconductor and superconductor studies. 5.Higgs echo peaks in THz- 2DCS spectra
appearing at unique 2D frequencies (2Asc, —2Asc) and (2Asc, 4Asc) displaced along the phase-sensitive
vertical axis, revealing unconventional broadening and Higgs-QP anharmonic coupling.
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Isolated quantum many-body systems which thermalize under their own dynamics are expected to act as
their own thermal baths [1], thereby losing memory of initial conditions and bringing their local
subsystems to thermal equilibrium. Here [2], we show that the infinite-dimensional limit of a quantum
lattice model, as described by dynamical mean-field theory (DMFT), provides a natural framework to
understand this self-consistent thermalization process [3, 4]. Using the Fermi-Hubbard model as a
working example, we demonstrate that the emergence of a self-consistent bath occurs via a sharp
thermalization front, moving ballistically and separating the initial condition from the long time thermal
fixed point (Fig. 1). We characterize the full DMFT dynamics through an effective temperature for
which we derive a traveling wave equation of the Fisher-Kolmogorov-Petrovsky-Piskunov type [5]. This
equation allows for predicting the asymptotic shape of the front and its velocity, which match perfectly
the full DMFT numerics. Our results provide a new angle to understand the onset of quantum
thermalization in closed isolated systems.
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Fig. 1. Thermalization in infinite dimensions with DMFT. Time evolution of the distribution function (a) and
spectral function (b) after an energy excitation, for U = 2 (initial inverse temperature ffi = 25), leading to a
thermal equilibrium fixed point. Full self-consistent DMFT solution [n = o in the notation of panels (c),(d)].
Thermalization front: time evolution of the total energy (c) and double occupation (d) after an energy excitation,
for different DMFT iteration numbers (colored lines from blue to red as a function of the DMFT iteration number
n € [0, 99] and compared to the full self-consistent DMFT solution (black line). Emergence of a thermalization
front in both energy and double occupation, panels (e), (f).

A natural avenue for future applications of this methodology is the case of disordered quantum many-
body systems, using statistical DMFT [6]. We can expect that, in an Anderson localized phase, the
ballistic front would give way to a localized one, which never loses memory of the initial condition. In
the presence of disorder and interactions, we argue a competition between thermalizing fronts and
pinning due to disorder, which could shed new light on the stability of many-body localization.
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Quantum materials display a host of fascinating phenomena, including high-T. superconductivity, novel
topological phenomena, and excitonic condensates [1], [2], [3] These materials are exquisitely sensitive
to external perturbations including pressure, light, and magnetic fields, allowing one to readily tune their
properties for a given phenomenon or application. More recently, substantial attention has been devoted
to the use of artificial structures (e.g., cavities, metamaterials, and heterostructures) to control and even
enhance the intrinsic properties of quantum materials. Here, some examples in which artificial structures
are used to modify novel phenomena in different quantum materials will be discussed. Recently, broken
symmetries in quantum materials have garnered substantial interest, as they lead to nonlinear responses
including terahertz (THz) emission and second harmonic generation (SHG) under optical excitation [4].
By tailoring the driving optical field, one can control the degree of symmetry breaking in a given
material, which in turn influences linked properties like topology and magnetic order. One example was
shown in the topological semimetal TaAs, where optically driven transient photocurrents emit THz
radiation [5] and drive transient symmetry breaking, observed with SHG [6] The photoexcited carriers
drive coherent shear and longitudinal phonons that can be observed with time-resolved X-ray diffraction
[7]. However, these responses are governed by the intrinsic properties of TaAs; instead, could one
artificially structure a quantum material for greater control over its response? One approach is to use
metasurfaces, which have been extensively explored in conjunction with conventional metals,
semiconductors, and insulators [8], [9], [10], but rarely combined with quantum materials.[11], [12],
[13], [14], [15], [16], [17], [18] By designing a metasurface that explicitly breaks symmetry,
photocurrents can be generated and controlled in a normally centrosymmetric material like
graphene[19]We designed optoelectronic metasurfaces composed of arrays of teardrop-shaped gold
nanoantennas with resonances at 800 nm that were fabricated on graphene monolayers (Fig. 1).

Fig. 1. SEM images of (a) uniformly oriented
and (b) Kagome metasurfaces consisting of
teardrop Au nanoantennas on graphene.  (c,
d) Measured X (red) and y (blue)
; 120 3 oo , 120 - components of the emitted THz  field

from the metasurfaces in (a,b), respectively,
as a function of the incident polarization
angle.[19]
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Femtosecond excitation of the uniformly oriented metasurface (Fig. 1(a)) at 800 nm yields a directional
THz emission pattern (Fig. 1(c)), demonstrating the ability of appropriately designed metasurfaces to
generate directional photocurrents in a centrosymmetric quantum material. Furthermore, when orienting
the nanoantennas in a Kagome pattern with threefold rotational symmetry (Fig. 1(b)), control of the
incident light polarization gives additional control over the directionality of the emitted photocurrents
(Fig. 1(d)). Finally, with nonuniform spatial patterning we were able to generate radially and
azimuthally polarized THz fields, providing a new degree of control over THz fields that could lead to a
host of new phenomena and applications [19].
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Another approach for modifying quantum material properties relies on external cavities. This has
already been shown to modify the insulator-metal transition in 1T-TaS2 [15], but to the best of our
knowledge has never experimentally been shown to modify superconductivity, despite several
theoretical studies [20], [21], [22], [23], [24], [25], [26], [27]. Notably, an appropriately designed cavity
could make it possible to modify superconducting properties in equilibrium, without an external driving
electromagnetic field. Two-dimensional (2D) van der Waals materials can naturally act as high-quality
cavities, making it possible to experimentally test these concepts.

F1
Fig. 2. Schematic of SNOM and MFM
measurements on resonant and non-resonant
Resonant . Ncn-resonant cavities placed on top of a superconducting
cavity material -‘ cavity material material.

Superconducting material

Here, we placed 2D materials on the surface of a superconductor and used scanning near-field optical
microscopy (SNOM) to demonstrate coupling between phonon-polaritons in the 2D material to phonons
in the superconductor that have previously been linked to superconductivity. We then used magnetic
force microscopy (MFM) to measure the influence of the 2D cavity material on the superfluid density,
observing a reduction near the 2D material/superconductor interface. The influence of the cavity on
superconductivity was further supported by comparison to a cavity formed with a non-resonant material
as well as to the bare superconducting material, neither of which showed a suppression of the superfluid
density. To the best of our knowledge, this is the first experimental demonstration of cavity-modified
superconductivity, setting the stage for future enhancements in the critical temperature with an optimal
cavity design.
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Entropy production in ultrafast classical and

Quantum stochastic dynamics
Y. Qiao, R. M. Geilhufe
Chalmers University of Technology, 41296 Gothenburg, Sweden

Thanks to advancements in femtosecond and attosecond laser technology, thermodynamics has entered
the ultrafast era. Ultrafast dynamics provide a unique way to probe the transient properties of materials.
Specifically, the nonequilibrium dynamics induced by external fields, such as ultrashort THz pulses, are
accompanied by heat and mass transfer, which are further characterized by entropy production. In [1],
ultrafast stochastic thermodynamics based on X-ray scattering experiments [2] was developed and has
been successfully applied to the study of entropy production in collective excitations, such as phonons
(see schematic diagram Fig. 1). However, developing unified stochastic thermodynamics for both
classical and quantum systems remain an open challenge [3].

THz laser pulse

! Measure i
Diffraction peak

lonic motion | | Laser-shape

Ultrafast
Entropy Production

Fig. 1. Schematic representation of a crystal (SrTiO3 or KTaO3) excited by a THz laser pulse [1].

In this talk, I will discuss how to develop ultrafast stochastic thermodynamics in both classical and
quantum phonon systems. Modeling stochastic thermodynamics requires exploring microscopic details,
particularly the interactions between systems and their environments. In the classical part, we consider a
phonon-phonon coupling model, from which we derive a non-Markovian Langevin equation for a laser-
driven phonon mode. The thermal fluctuations from the environment modes are treated as correlated
stochastic forces acting on the system. With the spectral data of the noise correlation function, we
calculate the entropy production using the path integral method and compare our result with those of
advanced numerical simulations. In the quantum realm, fluctuations arising from the uncertainty
principle are inevitable even in a vacuum. Consequently, in quantum analogues of the Langevin
equations, classical stochastic forces are replaced by quantum operators characterized by their
expectation values and correlation functions. In the second part of this talk, 1 will discuss how to
investigate ultrafast stochastic dynamics in the framework of open quantum systems. | will present how
the corresponding entropy production in the quantum phonon-phonon coupling model is quantized when
quantum effects are taken into account.
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Ultrafast nano-imaging and tip-enhanced control of

Electronic coherence in 2D semiconductors
M. B. Raschke
University of Colorado, Boulder, CO 80309, USA

Understanding and ultimately controlling the properties of quantum materials and their coupled degrees
of freedom will require counteracting the effects of dissipation and dephasing. This necessitates imaging
the elementary excitations on their natural time and Iength scales. To achieve this goal, we developed
scanning probe microscopies with ultrafast and shaped laser pulses for multiscale coherent spatio-
temporal optical nano-imaging. In corresponding ultrafast movies, we resolve the fundamental quantum
dynamics down to the few-femtosecond regime with nanometer spatial resolution. Specifically, in 2D
materials and their heterostructures, the emergent electronic, spin, and other quantum properties are
controlled by the underlying interlayer coupling and associated charge and energy transfer dynamics.
These processes are sensitive to interlayer distance and crystallographic orientation, which are in turn
affected by defects, grain boundaries, and other nanoscale heterogeneities. In this talk, I will present the
use of adiabatic plasmonic nanofocused four-wave mixing (FWM) [1] to image the coherent electron
dynamics in monolayer WSe; resolving nanoscale heterogeneities in dephasing ranging from T, < 5 fs to
T, > 60 fs on length scales of 50-100 nm [2]. Further, in combination with Purcell-enhanced nano-cavity
clock spectroscopy [3] in WSe,/graphene heterostructures we identify interlayer energy transfer
dynamics at times scales of 350 fs [4].
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Fig. 1 : a-illustration of adiabatic nano-focusing of few-fs pulses with pulse-shaper and MIIPS controlled
pulse replica for interferometric nano-localized FWM spatio-temporal coherent spectroscopy; b-application
to 2D semiconductors probing exciton coherence, its spatial heterogeneity, and relation to local defects and
strain; c- spatio - temporal variation of dephasing time ranging from < 5fs to >60 fs on length scales of
50-100 nm;d- unusual anti-correlation of coherence time T, with FWM signal intensity as a result of defect induced
decoherence within the coherence area defined by spatial extent of the tip-confined optical near-field defining a new
regime of nonlinear nano-optics.

Beyond the fundamental understanding to the competition between intrinsic and extrinsic effects on
excitation lifetimes and coherence, we discover a new regime of nonlinear nano-optics at the interplay of
spatial coherence and disorder-induced scattering.
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A femtosecond time- and momentum-resolved journey through the

Exciton landscape of 2D, organic and hybrid 2D/organic semiconductors
M. Reutzel
Georg-August-Universitat Gottingen,37077 Gottingen, Germany

Transition metal dichalcogenides (TMDs) are an exciting model system to study ultrafast energy
dissipation pathways, and to create and tailor emergent quantum phases. The versatility of TMDs results
from the confinement of optical excitations in two-dimensions and the concomitant strong Coulomb
interaction that leads to excitonic quasiparticles with binding energies in the range of several 100 meV.
In TMD stacks consisting of at least two layers, the interlayer interaction can be precisely controlled by
manipulating the twist angle: The misalignment of the crystallographic directions leads to a momentum
mismatch between the high symmetry points of the hexagonal Brillouin zones. This strongly impacts the
interlayer wavefunction hybridization, and, moreover, adds an additional moiré potential. Crucially, in
this emergent energy landscape, dark intra- and interlayer excitons dominate the energy dissipation
pathways. While these dark excitonic features are hard to access in all-optical experiments, time-
resolved momentum microscopy [1] can provide unprecedented insight on these quasiparticles [2].

In the first part of my talk, I will present our results on the ultrafast formation dynamics of interlayer
excitons in twisted WSe,/MoS; heterostructures [3-6]. First, 1 will report on the identification of a
hallmark signature of the moiré superlattice that is imprinted onto the momentum-resolved interlayer
exciton photoemission signal. With this data, we reconstruct the electronic part of the exciton
wavefunction, and relate its extension to the moiré wavelength of the heterostructure. Second, | will
show that interlayer excitons are effectively formed via exciton-phonon scattering, and subsequent
interlayer tunneling at the interlayer hybridized X valleys on the sub-50 fs timescale. Third, I will
discuss our efforts to monitor the interlayer exciton formation dynamics with spatiotemporal resolution
using femtosecond photoelectron dark-field microscopy.

hBN  MoS, k-image r-image

Fig. 1. Working principle
of  the femtosecond
photoelectron dark -field
microscope. By  placing
the dark field aperture on
the energy - momentum
photoemission  signature
of the dark interlayer
excitons, their  formation
dynamics can  be probed
with 50 fs time- and 500 nm
spatial resolution.  Figs.
nax adopted from Ref. [6].
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Finally, I will show how ultrafast momentum microscopy experiments are not limited to 2D TMD
heterostructures, but can also be employed to study the ultrafast formation of hybrid Frenkel-Wannier
excitons in organic/inorganic heterostructures (i.e., PTCDA/WSe,) [7].
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Coherent control through phonon anharmonicity
G.Scharf, T. Hasharoni, L. Donva, L. Ben Gur, A. Ron
Tel Aviv University, Tel Aviv, 6997801 Israel

Anharmonic lattice vibrations play a key role in many physical phenomena. They govern the heat
conductivity of solids, strongly affect the phonon spectra, play a prominent role in soft mode phase
transitions, allow ultrafast engineering of material properties and more. The most direct evidence for
anharmonicity is to measure the oscillation frequency changing as a function of the oscillation
amplitude. For lattice vibrations, this is not a trivial task, and anharmonicity is probed indirectly through
its effects on thermodynamic properties and spectral features or through coherent decay of one mode to
another. However, measurement of the anharmonicity of a single Raman mode is still lacking. We show
that ultrafast double pump-probe spectroscopy could be used to directly observe frequency shifts of
Raman phonons as a function of the oscillation amplitude and disentangle the coherent contributions
from quasi-harmonic sources such as temperature and changes to the carrier density in the
thermoelectric materials SnTe and SnSe [1]. Our results have dramatic implications for the material
engineering of future thermoelectrics. Moreover, our methodology could be used to isolate the basic
mechanisms driving optically induced phase transitions and other nonlinear phenomena based on their
unique timestamps. Fig. 1 shows a summary of the single pump-probe measurements taken on SnTe.
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Fig. 2 shows the results of a double pump experiment done to separate the different contributions to
anharmonicity.
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This indicates that the frequency shifts result from three different physical origins, thermal and
electronic detected as the bi-exponential components and a pure anharmonic signal manifested as the
oscillations at short timescales
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Advanced 2.1um femtosecond laser technology for improved

Conversion to the THz region
S.Tomilov, M. Redkin, Y. Wang, W. Yao, A. O. Suzuki, C. J. Saraceno
Ruhr-Universitat Bochum, 44801 Bochum, Germany

Ultrafast lasers are ubiquitous front-end svstems for aeneratina short Terahertz transients and are thus
essential tools in proaressina THz science and technoloay. However, so far. most drivina lasers have
concentrated on commercially available technoloaies. most dominant ones beina Ti:Sapphire lasers and
Er-doped fiber lasers. with their well-known limitations in averaae power. More recently Yb-lasers
emittina at around 1030nm with hiah averaae power have emeraed also as an alternative for increasina
the averaae power of pulsed THz sources. with sources currently approachina the watt level [11. In this
context, manv Terahertz aeneration schemes could areatlv benefit from lonaer drivina wavelenaths with
cggnoarab_le performance to the more WeI_I-estainshed Ias_er svstems. For example, thev gllow in many
¢ materials to reduce the impact of multi-photon absorption. as well as enable to reach hiagh conversion
efficiencies in two-color plasma sources. thanks to increase ponderomotive enerav [1.2]. More
aenerally. lona-wavelenath lasers are also desired for reachina hiah photon eneraies up to soft X-rays in
hiah harmonic aeneration and for reachina mid-IR liaht usina various oxide nonlinear crystals that are
not transparent at the traditionallv used wavelenaths. In this aoal of improvina the performance and
coveraae of secondary sources, the 2-3um wavelenath reaion is beina currentlv heavily explored in the
laser community. Traditionally. hiah-power ultrafast sources in this wavelenath reaion are restricted to
complex and inefficient parametric conversion staaes. allowina to reach tens of watts of averaae power,
usina pumps with several hundreds of watts based on Yb svstems in most latest state-of-the-art lab
developments. A much more elegant and simple approach is to use aain media directlv emittina in this
wavelenath ranae for hiah-power oscillators and amplifiers. As shown in Fia. 1. many advances have
been realized in bulk and fiber-based amplifier svstems in this wavelenath ranae. Some remarkable
achievements in the wider area of hiagh-power 2 um ultrafast lasers are the demonstration of a Tm-fiber
based chirped pulse amplifier systems. with an averaae power of 1060 W at 80-MHz pulse repetition
freauencyv. correspondina to a pulse enerav of 13.2 uJ [41. Nevertheless. compared with ultrafast lasers
in the 1-um wavelenath ranae. the averaae power of 2 um ultrafast lasers are at least one order of
magnitude lower as show in Fig. 1, showing large potential for further progress.
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In the context of the different emeraina laser technoloaies for accessina this wavelenath reaion,
Holmium lasers are particularly attractive for power and eneray scalina because they operate in a
window of atmospheric transmission at 2,1um; furthermore, Holmium operates as a three-level laser
with very comparable thermal advantages to Ytterbium. In this presentation, we will discuss the
development of hiah-power 2 um disk and bulk lasers, based on Holmium-doped materials and current
challenaes and application possibilities, with a focus towards THz aeneration usina these sources. We
will present a novel broadband reaenerative amplifier based on the new aain material Ho:CALGO,
100uJ pulse eneray with femtosecond pulse durations at 100 kHz and pulse compression to sub-100 fs.
We will discuss the different THz aeneration schemes where these novel sources are promising to
enable high average power, high repetition rate THz sources operating with very high conversion
efficiency.

References

[1] T. Vogel, S. Mansourzadeh, C. J. Saraceno, Optics Letters. 49, 4517 (2024).

[2] A. D Koulouklidis, C. Gollner, V. Shumakova, V.Y. Fedorov, A.PugZlys, A.Baltuska, S. Tzortzakis, Nature Communications 11, 292 (2020)
[3] C. Gollner, M. Shalaby, C. Brodeur, |. Astrauskas, R. Jutas, E. Constable, L.Bergen, A.BaltuSka, A. PugZlys; APL Photonics 6, 046105 (2021)
[4] C. Gaida, M. Gebhardt, T. Heuermann, F. Stutzki, C. Jauregui, J. Limpert, Optics Letters 43, 5853 (2018).


https://scholar.google.com/citations?user=nMJ0DjAAAAAJ&hl=en&oi=sra

151

Nonlinear terahertz spectroscopy of phonon-polaritons
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The latest experimental advances in time-resolved spectroscopic techniques, based on the generation of
intense and phase-stable THz pulses, have paved intriguing new ways for the investigation, resonant
excitation and control of ultrafast low-energy collective modes in many complex systems. Among these,
charged modes are of particular interest as they can directly couple to light and form hybrid modes, the so-
called polaritons [1]. As a prototypical example, phonon-polaritons are associated with the coupling of
infrared-active optical phonons with the electromagnetic field in polar insulators. The highly dispersive
behaviour of these modes, for the small momenta comparable to those of electromagnetic waves in the THz
region, encases important information on the coupling of matter with light. In non-centrosymmetric
materials, in which modes can be both infrared- and Raman-active, the dispersion of phonon-polaritons in
the hybrid region can be accessed through nonlinear protocols, either in three-wave mixing [2,3] or four-
wave mixing [4] interaction schemes. Despite the great interest and the huge experimental progress, a
comprehensive general framework able to describe the ultrafast excitation and Raman-like detection of
polaritons is still lacking, opening to possible misinterpretations of the spectral features of the experimental
response. In this talk we will discuss a theoretical approach able to capture the different roles played by
phonon-polaritons in different experimental protocols. In particular, we combine a many-body derivation of
the nonlinear current involved in multiwave mixing processes with a perturbative solution of Maxwell’s
equations in the presence of a nonlinear source current, in order to correctly describe propagation effects

given by the light travelllng through the material and at its interfaces.
Fig. 1. THz pump-optical probe response on a thick sample
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We show that in Raman-like pump and probe four-wave mixing schemes, such as impulsive stimulated
Raman scattering, one can directly access the phonon component of the polariton, while in THz pump-visible
probe three-wave mixing protocols the polariton affects the response at the level of the propagation effects
only. We discuss how one can make use of these coherent techniques in a transmission geometry to probe the
dispersion of the mode in the hybrid light-matter region, taking advantage of the fact that the response is
dominated by the phase-matched frequency in thick samples. We thus highlight the advantages of exploiting
a broadband THz pump to enlarge the phase-space of phonon-polaritons accessible within a single
experiment [5]. Finally, we comment on the generalization of our theoretical framework to two-dimensional
THz-THz pump-optical probe spectroscopy, comparing with recent experimental results [6]. We discuss the
complex spectral features given solely by propagation and screening effects, and how this technique could be
employed in quantum materials to eventually resolve complex processes like nonlinear couplings between
phonons as opposed to simpler non-resonant electronic excitations.
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Continuous-wave and pulsed operation of Tm-doped and Tm,Ho-doped

Fluoride crystal waveguide lasers near 2 mm and 2.3 mm
A.Sennaroglu®, Y. Morova B. Ayevi', D. Faik Ince®, B. Morova?, E. Damiano®, M. Tonelli*
Kog Unlver5|ty Istanbul 34450 Turklye
2Istanbul Technical University,34367 Istanbul Tarkiye
Rutgers University, Piscataway, NJ 08854, USA
*Universita di Pisa, 56127 Pisa Italy

This presentation focuses on the development of two new rare-earth ion- doped mid-infrared channeled
waveguide lasers: Tm** Ho®*":YLiF, (Tm,Ho:YLF) at 2050 nm [1, 2] and Tm**:KY3F1o (Tm:KYF) at 1.9
um and 2.3 um [3]. In both cases, femtosecond laser writing was used to inscribe depressed circular
waveguides inside the fluoride hosts. Important advantages of the fluoride host include high optical
quality and wide transparency in the mid infrared spectral region. Fig. 1(a) shows a confocal microscope
image of the channeled waveguides fabricated inside (Tm,Ho:YLF) crystal with a diameter of 70 um
and measured waveguide loss of 0.14 dB/cm. The waveguide laser was pumped at 780 nm with a
Ti:sapphire laser and lasing was obtained at 2053 nm, as can be seen from the spectrum in Fig. 1(b).
With a 20% output coupler, up to 2W of continuous-wave (CW) output power was obtained near 2050
nm. By using a Cr:ZnSe saturable absorber, passively Q switched operation was further obtained,
resulting in the generation of pulses as short as 19.6 ns. The temporal profile of the output pulse is
shown in Fig. 1(c).
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Fig. 1. (a) Confocal microscope image of the (Tm,Ho:YLF) waveguide, (b) output spectrum of the waveguide laser at
2053 nm, and (c) temporal profile of the waveguide output laser pulses during passively Q-switched operation.

In other studies, channeled waveguides were inscribed inside a Tm:KYF crystal. In this case,
upconversion pumping was employed at 1064 nm and CW lasing was obtained at 1.9 um and 2.3 um
with maximum output powers of 303 mW, and 70 mW, respectively, by using 2W of 1064-nm pump
power. The output spectra at 2.3 um and 1.9 um are shown in Figs. 2(a) and (b).
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Fig. 2. Optical spectra near (a) 1.9 um and (b) 2.3 um, generated with a channeled waveguide laser inside
Tm:KYF crystal. (c) Pulse profile obtained with the Tm:KYF waveguide laser during passively Q-switched
operation.

In addition, passive Q switching was demonstrated near 1.9 um, yielding 22-ns pulses at 11 kHz
repetition rate. The obtained pulse profile is shown in Fig. 2(c).
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Designing quantum materials with light
M. A. Sentef
Bremen Universitat, 28359 Bremen, Germany

In recent years, light-driven quantum materials science has undergone a fundamental transformation.
What was once a theoretical vision—the ability to control and manipulate emergent properties of
materials on ultrafast timescales—has now become a reality [1]. This progress has been enabled by rapid
advancements in shaping laser pulses, probing nonequilibrium dynamics with femtosecond resolution,
and developing sophisticated theoretical approaches to describe light-driven many-body systems [2]. As
a result, we are now entering an era in which quantum materials can be actively “designed” and
controlled using tailored light fields. A cornerstone of this approach is Floguet engineering, which
exploits periodic driving to coherently modify electronic states and induce novel phases of matter. 1 will
briefly review key experimental and theoretical developments in realizing Floquet states in quantum
materials and discuss their implications for controlling competing orders. However, despite its promise,
Floquet engineering also faces intrinsic limitations, particularly due to heating effects and decoherence,
which can constrain its applicability as a general tuning mechanism. Moving beyond conventional
Floquet approaches, a new frontier is emerging: cavity quantum materials [3]. By embedding materials
in tailored quantum-electrodynamical environments, such as optical cavities, it is possible to enhance
light-matter interactions and create hybrid light-matter states with fundamentally new properties. Unlike
classical laser-driven schemes, cavity-mediated interactions can modify quantum fluctuations and
collective excitations even in thermal equilibrium, offering a novel route to control material properties
without direct external driving. | will highlight recent advances in this field, both from theoretical [4]
and experimental [5,6] perspectives, and specifically discuss how strong correlations in cavity quantum
materials provide new opportunities for engineering competing electronic orders through light-matter
hybridization.
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Fig. 1. Top left — illustration of a quantum material

driven by a classical laser drive.

Top right — cavity-embedded quantum material, opening the
possibility to use vacuum fluctuations of light to control
emergent properties.

Bottom — setup of the Mclver lab for on-chip THz
spectroscopy of quantum materials in a plasmonic
cavity [5].

This emerging paradigm may open pathways toward controlling superconductivity, charge density
waves, and other ordered phases in a fundamentally new way.
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Ultrafast control of magnetism thru strongly non-equilibrium states

T. Rasing
Radboud Universiteit, 6525 ED Nijmegen, the Netherlands

Since our demonstration of magnetization reversal by a single 40 femtosecond laser pulse, the
manipulation of spins by ultra-short laser pulses has developed into an alternative and energy efficient
approach to magnetic recording [1,2]. Though originally thought to be due to an optically induced
effective magnetic field, later studies demonstrated that the switching occurred via a strongly non-
equilibrium state, exploiting the exchange interaction between the spins [3,4,5]. Recent work also show
how magnetic textures like skyrmions are generated via a strongly non-equilibrium phase [6]. While for
a long time, all-optical switching (AOS) was exclusively observed in ferrimagnetic alloys, more recent
work demonstrated AOS in a broad range of ferromagnetic multilayer materials, albeit that in those
examples a large number of pulses were required [7]. By studying the dynamics of this switching
process, we have discovered that this switching is a 2-step process of nucleation and switching, which
has led to the subsequent demonstration that highly efficient AOS can be achieved by using pairs of
femto/pico-second laser pulses, that are separated by a precisely tuned delay time [8]. By combining
optical laser excitation with in situ magnetic force microscopy, we recently found that the nucleation and
switching process evolves via a stochastic network of domains. In this talk, I will discuss the state of
the art in ultrafast manipulation of magnetization and present some new ideas
to implement brain-inspired computing concepts in magnetic materials [9,10].
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Femtosecond dynamics of quantum materials: femto- phono- magnetism
S. Sharma
Max-Born- Institut fur Nichtlineare Optik und Kurzzeitspektroskopie, 12489 Berlin, Germany
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From the outset of research into femtomagnetism, the field in which spins are manipulated by light on
femtosecond or faster time scales, several questions have arisen and remain highly debated: How does
the light interact with spin moments? How is the angular momentum conserved between the nuclei, spin,
and angular momentum during this interaction? What causes the ultrafast optical switching of magnetic
structures? What is the ultimate time limit on the speed of spin manipulation? What is the impact of
nuclear dynamics on the light-spin interaction? In my talk | will advocate a parameter free ab-initio
approach to treating ultrafast light-matter interactions, and discuss how this approach has led both to
new answers to these old questions but also to the uncovering of novel and hitherto unsuspected spin
dynamics phenomena [1,2]. In particular I will highlight following aspects
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of ultrafast dynamics: (a) Femto- phono- magnetism: an extra degree of control over spin dynamics can
be obtained by selective excitation of phonon modes [3].(b) Pulse design: control of spin- valley- tronics
via pulse shaping [4,5]. (c) Spin vacuum switching: full reversible switching using spin-currents[6].(e)
Exciton dynamics: strong correlations between excitons and free carriers. | will show that OISTR is one
of the fastest ways to control spins by light and | will make a case for femto- phono- magnetism by
demonstrating that selective excitation of optical phonon modes exert a strong influence on femtosecond
demagnetisation, generating an additional loss of moment [3] in laser pumped materials (see Fig.1). In
the second part of the talk | address the question of valley control in2d transition metal dichalcogenides
(TMDC), with current understanding that it couples exclusively via circularly polarized light. In our
work we show that on femtosecond time scales valley coupling is a much more general effect. We find
that two time separated linearly polarized pulses allow almost complete control over valley excitation.
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Optically induced electronic spin polarizations in altermagnets:
Theory and experiment

H. C. Schneider
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Altermagnets combine aspects of ferromagnetism and antiferromagnetism but also give rise to properties
that cannot be realized with either of the known magnetic material classes [1,2]. We present theoretical
and experimental results on the optically excited electron dynamics in different altermagnetic candidate
materials. The altermagnetic symmetries, in particular time-reversal symmetry breaking, allow for the
excitation of an electronic spin polarization by linearly polarized optical fields. Using an ab-initio based
approach for a prototypical planar d-wave altermagnets, we show how the optically excited non-
equilibrium spin polarization depends on the direction of the exciting E-field vector. The theoretical
prediction of a controlled, optically excited spin polarization is rooted in the altermagnetic symmetries
and was observed using magneto-optical measurements on ultrathin films of the planar d-wave
altermagnetic candidate material RuO; [3]. We will also present results on the optically excited spin
polarization in the bulk g-wave system MnTe [4], which has been demonstrated to be altermagnetic by
ARPES measurements [5]. An example of the angle dependence of the optically driven spin polarization
is presented in Fig. 1, where the angles refer to the direction of the exciting laser pulse with respect to
the crystal axes. Lo ;

wm

Fig.1. Right: Dependence of the
excited spin polarization s on the
polarization angle a of the linear
polarized laser pulse for different
incident angles 8 in MnTe. Left:
T o S Definition of the angles used in the
Freitation angle o ( plot[6].

Optically excited electronic spin polarizations can decay by electronic spin-flip scattering due to the
influence of spin-orbit coupling. In planar d-wave altermagnets, however, the anisotropic spin splitting
in the band structure restricts the phase space for such electronic spin-flip transitions compared to
ferromagnetic metals. We present microscopic calculations of electron-electron and electron-phonon
scattering processes for altermagnetic KRu,Og that show how non-thermalized, anisotropic electronic
distributions survive on times long compared to the typical momentum relaxation-times and thus give
rise to a long-lived spin polarization [6].
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Charged bosonic states in 2D bilayer structures
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Many higher-order excitonic bound states have been seen in 2D semiconducting layers, including trions,
biexcitons, charged biexcitons, and spatially indirect excitons and trions in bilayer systems. We have
now demonstrated the existence of a four-fermion state, namely three electrons bound to one hole, or
three holes bound to one electron, in specially designed bilayer structures with transition metal
dichalcogenide (TMD) layers. o . x10¢

Top Gate Voltage (V)
Energy (eV)
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Fig. 1. Left. Designed structure showing the stable four-particle states, consisting of a trion in one layer bound to a free charge in the
adjacent layer. The green layers are hexaginal boron nitride (hBN). Middle: Photoluminescence (PL) spectrum as the free charge density is
increased by electric gating. The negative quaternion (Q,) increases in intensity relative to the trion, indicating it has extra charge. Right:
Circularly-polarized PL spectrum as a function of vertical magnetic field, showing that the exciton (X), biexciton (B), and trion (T) each
have only two allowed PL emitting states, while the quaternion (Qn) has three, in agreement with the selection rules for the TMD structure
[1]. The relative energy of the trion and quaternion varies depending on the thickness of the hBN layer between the bottom TMD and the
thick metal layer, in agreement with the prediction of the theory for the bound states [2].

This is exciting because these complexes (dubbed “quaternions™) are charged bosons, and therefore can
undergo Bose-Einstein condensation, in which case they would also be a superconductor carrying charge
current. | will present evidence for these states and prospects for the future.
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Nonequilibrium in photovoltaics
M.K. Rafailov
Dynamics of Nonequlibrium, Vienna, VA 22180

Metastability is a critical problem especially important for technology-driven applications. Using
relatively slow effects like acoustic phonons, carrier motion, etc. that in low dimensional structures
propagation time is approaching ps-time scale, to “envelop” ultrafast excitation-relaxation processes in a
way that may allow to extend nonequlibrium state. With sub-nm molecular size and carriers and acoustic
phonon velocities the enveloping may become plausible. The approach may also help to arrange a non-
ultrafast and even non-photonic excitations that may lead to some plausible technology applications.
From that point here we will discuss negative photoresponse-NPR, the effect that was observed with
sub-ps laser pulse excitation,Fig.1 [1]. Instead of anticipated unipolar response depended only on RC of
a detector, the NPR demonstrates rapid voltage polarity change that follows extended relaxation pattern
lasting up to ms that is much less dependable on detector's RC constant. One explanation comes out of
increase of both carrier density and temperature, when during relaxation the system reaches a state
sufficiently close to the quasi-thermal equilibrium in which the carrier density is still elevated, but
smaller than the intrinsic thermal equilibrium density at the elevated temperature [2]. There are few
more concepts-from piezo-effects to electronic resnance that occurs while p-n junction is i present.
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20 Fig.1. NPR-resulted excitation by ultrashort pulse is lasting
15 up to ms. a. observed in Ge p-i-n diode
10, structure:(insert)response coming out of a transient
05, heterostructure formed by bleached layer of bulk material,b.

\“T—n‘ S———_ modeling of intensity dependence with the same RC. From [1].

While NPR opens interestina applications in remote sensina. communications etc [31.. it mav have
broader applications with respect to underlvina related effects: the effects that appears in irradiated
semiconductors. openina an opportunity for extension noneaulibrium lifetime. particularly with
semiconductors arranaed in a form of p-(intrinsic material)-n iunctions (p-i-n). Despite the effect has
been observed in bulk materials, bleachina effect in appropriate semiconductors allows to stack
semiconductor structures in a way allowina maximum utilization of incoming photon flux. Eventually
can be considering stacked 2D semiconductor structures may be considered. - \ 7
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Insulated and stacked p-i-n 2D structures while utilizina NPR effect, may to build meta-material
maintainina practically indefinite metastability while operatina not only with ultrashort pulses. If we
look at that with respect to bleachina time and pulse time of fliaht that it is possible to build a
photovoltaic structures that can be used to maintain metastable noneaulibrium with very lona excitation
pulses or even with CW sources. The same principle also can be used when electric pulses are used as a
pumpina source for inducina noneaulibrium in solids [5.61. In such a case the only limitations for pulse
width and. thereto pumpina power will be the capacitance-C which is directly depends on laver
thickness and can be done infinitesimally small in low dementias structures [51. In some cases involved
we mav need a potential or bias to move pulses across a laver, While results of positive response is
stronaly depends on RC s it will be plausible in low dimentionals semiconductor structures to see above
mentioned envelopina of noneaulibrium with carrier velocity. Farther considerina electronic pumping of
such low dimensional structures mayv open uniaue opportunity for technoloay application and alona with
stacked structure pumpina and excitation envelopina indefinitely increase lifetime of noneauilibrium.
Once tested in oroanic lioht emittina diodes [51 electronic pumpina that stronalv depends on
capacitance-size of the structure demonstrated hlgh eff|C|ency in malntammg of nonequlibrium even in
relatively thick materials see Fig. 3. g

Fia.3. Schematic of electrical pumping
pulse train combinina very low intensity
bias. and hiah intensity "ultrashort"(RC
permitted) pulses. From [5]

1 s

Electronic phase-transition with electric pumpina was experimentally demonstrated in double pump-
probe experiment [7], where phase transition were measured with respect to X-ray probe diffraction
pattern while where pumped optically with 100fs laser pulse and electrically with different step-voltaaes
applied to the structure. Switchina to electronic pumpina and usina lavered structures, like similar to
twisted vdW structures, may allow usina noneaulibrium in SWAP (size-weiaht-power) plausible
technoloay for ultra-broadband electronics etc. Not only electric pumpina in combination with lavered
material structures is a plausible way to induce noneaulibrium but any other non-ultrashort laser pulse
pumping is a way to pump hiah intensity pulse into a such structured material and it makes
noneaqulibrium-related phenomena lausile and effects in multiple technoloay applications: from peta-Hz
electronics to remote sensina, photovoltaics in general, including Sun-based photovoltaic conversion,
high-temperature superconductivity, magnetic switches and so on.
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Towards mtegrated Cr:ZnS/ZnSe wavegwde Iasers and ampllflers
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Solid-state lasers utilizing Cr2*-doped 1I-VI semiconductor crystals [1,2,3] have matured to industrial
grade femtosecond lasers, operating efficiently at room temperature and offering the broadest gain
bandwidth with up to 45% of their central wavelength. They can produce output powers in the tens of
watts range and generate ultrashort femtosecond pulses lasting only a few optical cycles [2,4], now
achievable even with diode pumping [5]. With peak powers reaching 1 MW and pulse durations as short
as 28 femtoseconds, these lasers enable the generation of carrier-envelope phase (CEP)-stable mid-
infrared pulses in bulk format. Advances in power scaling have further allowed nonlinear frequency
conversion to extend mid-IR coverage across the entire "molecular fingerprint" spectral range, from 4.5
to 18 um [4,5]. Development of energetic 0.1-10 pJ ultrafast mid-IR sources would pave the way for
additional interesting industrial applications such as e.g. sub wavelength 3-D sub-surface processing of
silicon and other semiconductor materials [6,7]. However, all these advances have been achieved still in
the bulk, complex and rather expensive format and the trend nowadays goes towards integration with
photonic circuits. There are currently two platforms for integration of ultra-short pulsed lasers: based on
isolators (e.g. LINbOs3) and on silicon (Si). While traditional integration methods often rely on bonding
prefabricated lasers onto photonic wafers, these approaches face challenges such as precise alignment
requirements and limited scalability for mass production. On the other hand, monolithic integration,
where the laser-active material is directly grown and fabricated on photonic platforms, offers a more
scalable and cost-effective solution. In this talk we review the state-of-the art in the field with a
particular emphasis on our recent advances towards the challenging goal of development of compact
high-energy ultrashort-pulsed laser systems in the 2-3 um wavelength range. We will report on our first
steps towards on-chip integration of the Cr:ZnS waveguide on Si [8] and will further focus on novel
approaches for generating high laser peak power and energy scaling [9] in a chirped pulse master-
oscillator-amplifier (CPMOPA) waveguide system and discuss ways to achieve amplification
maintaining a good quality mode in a particularly compact waveguide design compatible with the future
integration steps. We also present the results of theoretical analysis of physical mechanism enabling
nearly complete utilization and efficient energy extraction from the gain volume in multimode
waveguide.

MBE grown thin film Cr:ZnS
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Fig. 1. Lifetime (a) and emission spectra of the MBE-grown Cr:ZnS layer on Si.

To enable on-chip integration, good optical quality thin films of chromium-doped ZnS (Cr:ZnS) were
fabricated using molecular beam epitaxy (MBE). This study marks the first successful incorporation of
Cr2* jons into thin film form, as verified by luminescence lifetime measurements. that yielded a value of
4.6 ps (Fig. 1 a), which is comparable to that observed in bulk material (5.5 us). Emission spectra from
patterned waveguides in these films revealed a peak near 2.2 um (Fig. 1 b), signifying the first
demonstration of mid-infrared optical activity in MBE-grown Cr2*:ZnS thin films and confirming their
promise for laser applications. Dry-etched silicon waveguides exhibited optical losses of 1.16 dB/cm,
while ZnS waveguides showed higher losses at 7.8 dB/cm, because of mode leaking into the higher-
index substrate, which can be supressed by a low-index layer. These first results demonstrate that
Cr:ZnS films are a viable candidate for integration into mid-infrared photonic platforms. For more
details please, see the upcoming article [8].

Waveguide amplifier:we demonstrate a waveguide Watt-level single-mode Cr:ZnS amplifier, capable to
operate in both, chirped-pulse and femtosecond regimes. Schematic of experiment is shown Fig.2.
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Fig. 2. Experimental setup: CM-chirped mirror, OC-output coupler, FI-Faraday isolator, L/4-quarter wave plate,
CBG-chirped Bragg grating, YAG-wedges for dispersion adjustment, HR-highly reflective mirror, DM-dichroic
mirror, WG- Cr 2*:ZnS polycrystalline active element with inscribed waveguides.

As a seed pulse source, we used the Kerr-lens mode-locked Cr®*:ZnS laser, similar to the initial 70 MHz
laser described in [10]. The FWHM spectral width of 106 nm at a central wavelength of 2336 nm
corresponds to a sub-60 fs pulse duration. In the chirpd-pulse regime the chirped volume Bragg grating
(CVBG) with 100 nm width acted as stretcher (~500 ps) and compressor. The waveguides were directly
laser writtten by a picosecond Ho:YAG MOPA laser system (ATLA Lasers AS) operating at 2090 nm
central wavelength. We fabricated CIrcuIar Wavegmdes with diameters of 20—50 | Hm that were inscribed
in a 34-mm long polycrystalline Cr**:znS (Cr®* concentration of 2.9 - 10 cm™) sample using a
NA=0.85 objective [11]. Pump radiation was completely absorbed in the first half of the crystal. The
experimental results are shown in Fig. 3. The maximum output power of 2.35 W and gain factor of 75 was
obtained for 50-um waveguide WG#1 with a power-added optical efficiency of 16.2% under 14.3 W
incident pump power. Waveguide WG#28 demonstrated similar results (2.11/12.9 W output/incident
power, gain factor of 57 and 16.1% opt. eff.), with M? factor of 1.13x1.25 (Fig. 3a). The interferometric
autocorrelation trace of the ampllfled pulses is shown in Fig. 3c illustrating the compressed pulse
duration of about 204 fs assuming sech? pulse temporal shape
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Fig. 3. Output power characteristics (a) seed, ASE and amplified pulse spectra (b), and
amplified recompressed pulse autocorrelation trace (c) of the 50 um waveguides.

In the stretcher-free (femtosecond) regime we reached the gain factors up to 29 at 2.05 W of average
output power with 13.8% power added optical efficiency. The random quasi-phase matching in the
ceramic Cr:ZnS material caused generation of up to the 4™ spectral harmonics, propagating in the

Wavegmde (Fig. 1, Fig. 4).
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To our knowledge, this is the first demonstration of the Watt-level waveguide amplifier in the crystalline
active medium operating with high spatial quality of output beam and generating multiple harmonics in
the waveguide amplifier. The demonstrated gain factors of >29 over 17 mm correspond to >8 dB/cm,
which is already more than the loss in the MBE waveguide even without the low-index layer. With
proper dispersion precompensation we expect to observe also pulse spectral extra-broadening,
eliminating the need for additional bandwidth-enhancing elements. Mode synthesis
in compact waveguide amplifier:  one of the most remarkable results is the efficient amplification in a
multimode waveguide while maintaining single-mode beam quality. Both, experiment and modelling
indicate a cooperative action between non-dissipative confinement (transverse refractive-index grading)
and dissipative confinement (graded gain), which induces higher-order modes to merge into lower-order
ones—an effect of spatial-mode synthesis, or “mode condensation” [16]. This mechanism enables nearly
complete utilization of the gain volume and efficient energy extraction in compact multimode
waveguides, which are similar to large-mode-area photonic-crystal waveguides (Fig. 5).

Fig. 5. Schematic presentation of the
waveguide structure (a) and refractive index
profiles for the thin (b) and thick (c)
waveguides. The contour plots of the output
mode profiles (d,f) and the corresponding
mode profiles averaged on the in-waveguide
propagation distance (e,g) for the waveguide
sizes w,=20 (d,e) and 50 (f,g) um, n = 0.003
(d,e) and 0.021 (f,g),The colored filling in
(e,g) corresponds to mode profiles at different
distances inside a waveguide.

-500 o 500 w;

50 pm

Their modal content hinges on macro- (b,c) and micro-scale (a) geometries, permitting mode-area
scaling and synthesis. Increasing thickness, §n-growth and “smoothening” of the n(r)-potential drives a
thin- to thick-guide transition from (b) to (c). Simulations (Fig. 5) show higher-order modes vanishing
and M? — 1 under such a transition ((d,e) vs. (f.g)).

This work marks significant initial steps toward integrating Cr:ZnS ultrafast pulse lasers on a silicon
platform, demonstrating proof of concept for what appears to be the first chirped-pulse Cr:ZnS
waveguide amplifier with gain factor over 8 dB/cm, making the MBE-grown on Si Cr:ZnS waveguides
feasible. We believe our present work does not only lay the foundation of the future integrated
femtosecond lasers and frequency combs for sensing applications but also provides a route to the
energy-scalable waveguide lasers that can have wide applications in fine material processing.
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X-rays to study ultrafast lattice and magnetisation dynamics
U. Staub
Paul Scherrer Institute, 5232 Villigen PSI, Switzerland

An introduction will be given to x-ray techniques that are used to investigate ultrafast dynamics of the
lattice and the magnetic properties based on ultra short x-ray pulses mainly created by an x-ray free
electron laser. | will present the basics of ultrafast x-ray diffraction for the study of lattice motions,
showing how one can directly quantify phonons in real time. This will be exemplified on a case of an
optically excited displacive phonon excitation in a manganite with the detection of a coherent phonon
[1] and the case of a coherently driven mode by a THz pulse.[2] Then | will discuss x-ray absorption
methods to study ion selective magnetic properties for ferromagnetic systems (x-ray magnetic circular
dichroism (XMCD)) and for antiferromagnets (x-ray magnetic linear dichroism (XMLD)), which show
the importance of the polarization state of the x-rays for such experiments This plays a crucial role in the
extraction of the electronic and magnetic degrees of freedom of the material. In particular, I will show
an example showing the difference demagnetization time scales of 3d and 4f elements, [3] which is of
strong importance for all optical ultrafast magnetization switching.

Finally, the principle for ultrafast resonant x-ray scattering, both elastically and inelastically will be
explained. These methods are particularly strong in detecting localized antiferromagnetic magnetic
moments or their magnetic excitations. Again, due to the tuning of the x-ray energies to an absorption
edge of the elements of interest, ion selectivity is obtained. These resonant x-ray techniques can also be
sensitive to the different shells of ions, e.g. can have a view of the valence shell of a 4f electron system
by choosing M, s absorption edges or being sensitive to the 5d electrons (by choosing L,3 edges)
relevant for the magnetic exchange interaction in Lanthanide metallic systems or using a quadrupole
transition, at the L, 3 edge as exemplified on resonant magnetic dlffractlon testlng the demagnetlzatlon of
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Fig.1. Left: displacive phonon observed in ultrafast x-ray diffraction and its electronic response in a half doped
manganite [1]. Right: coherent driven electromagnon with driving field a) FFT of it b) the magnetic response
c) and its FFT. [7]

Also an example of a displacive magnon excitation [5] and a coherent driving of magnons and probing
with x-rays will be shown [6,7].
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Cooperative optoelectronic properties of

Multiexcitons in quantum dot solids
H. Tahara
Yokohama National University, Yokohama 240-8501, Japan

Chemically synthesized semiconductor quantum dots (QDs) are excellent materials for studying
photodynamics of exciton complexes, e.g., biexcitons, triexcitons, and trions. These exciton complexes
exhibit unique optoelectronic functionalities: multiexcitons increase photon-to-current conversion
efficiencies via carrier multiplication processes in QD solar cells and trions reduce optical gain
thresholds in QD lasers. Multiexcitons additionally show unique nonlinear optical responses: the high-
frequency coherent oscillations with integer multiples of the exciton resonance frequency. The coherent
responses, called harmonic quantum coherence, play important roles in the resonant multiphoton
absorption [1,2,3]. Furthermore, cooperative optoelectronic dynamics of QDs, i.e., synchronous
responses of QD ensembles, are expected to boost optoelectronic device performances, since QD
devices are composed of a large number of QDs. Therefore, the understanding of ultrafast coherent
dynamics and cooperative properties of exciton complexes is required to generate advanced
functionalities. Here, we report on recent investigations of cooperative optoelectronic properties of QD
solids. In this study, we focus on ultrafast coherent responses of multiexcitons to understand cooperative
properties generated by coherent electronic coupling between QDs. The cooperative processes via
electronic coupling are different from those via radiative coupling, which have been observed as
superfluorescence from QD superlattices [4]. To investigate the cooperativities of QDs, inter-QD
distance should be controlled precisely. Then, we fabricated PbS QD solid films by using a ligand
exchange method. Since we used alkanedithiol molecules as ligands on the QD surfaces, the inter-QD
distance was precisely tuned in increments of the length of carbon chain. We performed the photocurrent
quantum interference spectroscopy to measure the ultrafast coherent responses of QD solids. In this
method, the nonlinear coherent responses within photoexcitation were measured through the interference
signals by scanning the phase-locked excitation pulse pair [5]. We observed that the nonlinear
photocurrent signals increase with increasing excitation photon fluence. This shows that the nonlinear
coherent signals originate from photogenerated multiexcitons. Furthermore, we found that the nonlinear
signals are strongly enhanced in the short-ligand QD solids [6]. The enhancement ratio increases
monotonically with the decrease of the inter-QD distance. This is the evidence that the enhancement is
generated by the cooperative behavior of QDs via the electronic coupling.
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These findings show that the cooperative quantum dynamics related to multiexcitons have a potential to
provide advanced optoelectronic technologies.
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High harmonic generation in strongly correlated materials
K. Tanaka
Kyoto University, Kyoto, 606-8502 Japan & RIKEN, Wako, Saitama 351-0198, Japan

An intense infrared field can drive electrons into a highly non-equilibrium electronic state, leading to
intriguing non-linear optical phenomena such as high harmonic generation (HHG). High harmonic
generation (HHG) is the phenomenon of emitting integer multiples of the incident photon energy and
was first reported in the atomic system, leading to the development of attosecond science. Recently, the
scope of HHG has been extended to condensed matter systems, and researchers have succeeded in
extracting physical parameters unique to solids, such as band structure, interatomic bonding, Berry
curvature, and so on [1]. So far, HHGs have mainly been observed in semiconductors and insulators, and
their extreme nonlinear optical properties have been interpreted within the single-electron
approximation. However, many-body effects, such as cooperation and competition between multiple
degrees of freedom, should be essential in solids and could have an impact on the extreme nonlinear
optical process. Although several theoretical studies predict uniqgue HHG properties due to many-body
effects [2,3,4,5], the HHG properties unique to many-body systems have not been well studied
experimentally. In this presentation, we report HHG spectroscopy in several materials that have ground
states that cannot be explained by the single-electron approximation or excited states with many-body
correlations. First, we present our HHG results in the Mott insulating phase of Ca,RuO, [6,7].
CayRuQ, is an ideal two-dimensional Mott insulator with a metal-insulator transition temperature TMI ~
360 K [8,9]. In Ca;RuQy4, the Mott gap energy within the Mott insulating phase more than doubles with
decreasing temperature [10]. This feature allows us to comprehensively investigate the relationship
between HHG emission properties and the many-body electronlc structure of Ca,RuO4.We used strong
mid-infrared (MIR) pulses (0.26 eV, 100 fs, <300 GW/cm?) for excitation and obtained up to the ninth
harmonic as shown in Fig.1 (a). Fig. 1(b) shows the temperature dependence of HHG.

Harmonic Order

@ 1 3 5 7 9 11 B |
— ! ' ; L ' 10 Fig. 1. (a) HHG spectra from
2 Ca,Ru0 ) M ® 3rd Ca,RUO, at 290 K (red-
= 2RUuU, & v B 5th .

510 1 ——50 K S 10° 1 ¥3v 7th dashed line) and 50 K (blue-

- = ¥ solid line). MIR intensity at
0o 290 K = v Oth

5 4 the sample position |s
=10 1 o 10" {=eEEEmgyy, & estimated to be 300 GW/cm?
= I N Slnnpg T in air. (b) HHG intensities as
[ 1045 1 © g a function of temperature.

@ £ 0|
< - 5 107 |esssegescssccse
= _ 5 H | i =z : : : : :

10 05 1.0 1 5 20 2. 5 3 0 50 100 150 200 250 300
Photon Energy (eV) Temperature (K)

High harmonic signals of order higher than the third show an enhancement of their yields by lowering
the temperature.  The observed enhancement of HHG vyields is the opposite of what we expected
because the gap opening by lowering the temperature suppresses the tunneling probability of doublon-
holon pairs, which are thought to be the origin of HHG in Mott insulators [3,11]. Our theoretical
calculation using the single-band Hubbard model was able to qualitatively reproduce the observations
[12]. We found that the main factor for the HHG enhancement is the strong spin-charge coupling in the
Mott insulator and the thermal fluctuation of the spin configuration. The thermal ensemble of doublon-
holon pair dynamics, which strongly depends on the background spin configuration, should cause the
destructive interference of HHG at high temperature. Second, we show the temperature dependence of
HHG of PrysCapsMnOs in the range of 7-294 K, including the charge ordering (CO) transition and the
magnetic transition temperatures [13]. The high harmonic (HH) intensity remains almost constant in the
high temperature charge disordered \phase. However, as the temperature is lowered, it starts to increase
near the CO transition temperature, where a CO-related optical gap appears. The anomalous gap energy
dependence is similar to the result shown above for Ca,RuQ4. We attribute the suppression of the HH
intensity at high temperatures to the destructive interference between HH emissions from thermally
activated multiple charge configurations. These results are unique to strongly correlated electron
systems, one aspect of which can be captured by HHG spectroscopy. It should be noted that strong
coupling between multiple degrees of freedom plays an important role in HHG. Our results suggest that
HHG can be a spectroscopic tool to probe ultrafast nonequilibrium dynamics in strongly correlated
materials.
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Probing and manipulating effective optical responses of

Quantum materials with ultrafast near field optics
A. Sternbach
University of Maryland, College Park, MD 20010, USA

Infrared radiation can selectively manipulate quantum materials and create properties that are not found
in eauilibrium. Terahertz frequencies are of considerable interest from the perspective of probina and
manipulatina non-eauilibrium states. The terahertz spectral ranae hosts dipole active resonances
associated with lattice vibrations, spin waves, orbital transitions and itinerant charae carrier acceleration.
These resonances offer spectral sianatures that can be used to interroaate low eneray electrodynamics in
non-equilibrium states. Mode selective drives of polarizable resonances can also be used to manipulate
non-eauilibrium order. Diffraction usually limits the ability to confine radiation to a lenath scale much
smaller than the free space wavelenath, which is on the order of 10-1,000 microns in the terahertz ranae.
Limited spatial resolution and eneray confinement presents challenaes both from the perspective of
probina and controllina non-eauilibrium states at terahertz freauencies. | will discuss our efforts to
probe and manipulate quantum materials on sub-diffraction limited lenath scales and femtosecond
timescales. Our data, which combines around 10 nanometer spatial resolution and sub-picosecond
temporal resolution provides insight into the role of inhomoaeneities in non-eaquilibrium light-induced
states [1,2]. A class of hybrid light-matter waves, known as polaritons, whose properties are distinct
from far-field electromaanetic radiation will be discussed. Properties of polaritons, which can shape the
electromagnetic environments of quantum materials below the diffraction limit, will be described in this
talk [3].

Polaritons Light-induced states

Fig. 1. Left :image showing negative refraction in a hyperbolic heterobicrystal. Data (gray colormap) and
Calculation (sky colormap) [3]. Right: a snapshot of a light-induced insulator to metal transition in Vanadium
Dioxide obtained with time resolved near field optical microscopy [1, 2].

Properties of polaritons, which can shape the electromagnetic environments of quantum materials below
the diffraction limit, will be described in this talk [3].
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Exploring nonequilibrium phenomena through laser processing simulations
M. Tani
Kansai Institute for Photon Science, 619-0215 Kyoto, Japan

The ultrafast laser material processing has been attracting increasing attention due to both broad
scientific interest and industrial applications [1,2]. The process is initiated by the transfer of optical
energy to electrons. Then, irreversible damage is left on the material surface when the energy is
subsequently transferred to the lattice [3], the carrier density reaches the critical density at which the
plasma frequency is identical to the laser frequency [4], or the interatomic forces are strongly modified
owing to massive carrier creation [5]. Thus, the fundamental understanding of energy transfer from laser
pulses to electrons, which drives the system into far-equilibrium states, is critical to further improve the
efficiency of laser micromachining. There have been studies reporting that the use of two-color laser
pulse pairs enables highly efficient laser ablation of transparent materials compared to single-color
irradiation [6]. Although electron dynamics have been extensively discussed in terms of the coupling
between intraband and interband transitions for single-color cases [7,8], their role under simultaneous
two-color irradiation has been little studied. We investigate the energy absorption by bulk silicon under
simultaneous dual-color (UV and IR) femtosecond laser fields, using numerical simulations based on the
time-dependent density functional theory (TDDFT). We employ the SALMON code [9] and examine
the dependence of energy absorption on the mixing ratio n of the two-color components with the total
intensity (or, equivalently, fluence and energy) conserved. The calculation results are shown in Fig. 1.

| - - - 0.2aeV+ 3.28V . .. M

= 0.8eV+3.20V Fig. 1. Mixing ratio n dependence of absorbed
= L Sevy s.2ev energy irradiated by various combination of two-
x separate color laser photon energies [10]: One is fixed to
- 3.2 eV, which is close to optical bandgap of Si,
another is 0.2(blue rectangle) or 0.8(green circle)
- or 1.6 eV(orange triangle). Green stars are the
. ¥ v : results photon energies of 3.2eV and 1.6eV, but the
= . polarization direction is rotated 90°. Brown
L L ! i crosses are the results when two color pulses are

o0 o2 04 B ] completely separated in time domain.

@

[+1]
| |

EY
I

absorbed energy [eV]
=
%
"
4
4
*

o

Our calculations show that the absorbed energy is significantly enhanced by dual-color irradiation and
maximized at n ~ 0.5. Our analyses reveal that the intraband motion of the electrons driven in the
valence band by the IR field has a substantial role in increasing the valence-to-conduction interband
transition induced by the UV field. These observations indicate that the strong-field electron excitation
dynamics can be controlled by nonlinear coupling of a long-wavelength-driven intraband motion and a
short-wavelength-driven interband transition. In this way, TDDFT is a first-principles method that
strikes a good balance between accuracy and computational feasibility. However, the computational cost
is still very high for performing repeatedly. Another significant challenge with TDDFT is to find an
exchange-correlation functional that can properly incorporate dynamical electronic correlations such as
electron-electron scattering, though no systematic improvement exists. To address these issues, we
develop a semiclassical method based on the Vlasov equation as a cost-effective alternative to TDDFT
for studying electron dynamics in bulk solid metals under intense laser fields [11]
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Starting from ground state distribution obtained by solving Thomas-Fermi model, time evolution is
calculated by pseudoparticle method. On bulk aluminum, the optical spectra, including optical
conductivity, dielectric function, complex refractive index (Fig.2 left), and reflectivity are evaluated by
linear response calculation using impulse response, have been shown to agree well with TDDFT and
experimental data. The absorbed energy, which has been evaluated as work done by laser field, has
shown a linear dependence on the incident laser intensity. This trend agrees with TDDFT results in a
certain laser fluence region. The time evolution of the absorbed energy is in good agreement with
TDDFT calculation (Fig. 2 right). We further extend the Vlasov-based approach in two ways [13]. First,
we include dynamical electron-electron scattering, which is recognized as a vital process in metallic
nanoclusters [14, 15] and induces avalanche ionization in dielectrics and semiconductors in the context
of laser material processing. Second, we consider the propagation effect of electromagnetic waves,
which is crucial due to the fact that laser pulses typically used for laser machining can only penetrate the
skin of metals. In Fig. 3, we show the comparison of Maxwell-Vlasov simulation results with and
without electron-electron scattering on kinetic energy gain distribution after laser pulse irradiation on a
thin aluminum film, and on kinetic energy current density along the optical axis (x) and the surface (y).
These results indicate that electron energy is penetrating in deep region over optical energy, and that
electron-electron scattering suppresses this effect.
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The two extensions allow the investigation of electron dynamics in metals under ultrashort intense laser
pulses while incorporating the effects of electron-electron scattering as well as laser pulse propagation.
The former extension offers an advantage over TDDFT, since the description of electron-electron
collisions in TDDFT is limited. The latter extension overcomes the limitation of our bare Vlasov
simulator [11], since laser propagation is potentially important when the object size is not sufficiently
smaller than the laser wavelength.
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Optical absorption activated by an ultrashort half-cycle pulse in Metallic

and superconducting states of the Hubbard model
T. Tohyama
Tokyo University of Science, Tokyo 125-8585, Japan

The development of strong ultrashort pulse lasers has enabled the observation of non-equilibrium
electron dynamics on femtosecond and even attosecond timescales. A novel technique called subcycle-
pulse engineering has been proposed, involving the application of a subcycle pulse with less than one
cycle oscillation within a pulse envelope. This approach aims to generate electronic states that cannot be
accessed using conventional multicycle pulses. It has been suggested that applying ultrashort subcycle
pulses to metallic or superconducting states can induce current with inversion symmetry breaking, which
is detectable by second-harmonic generations [1,2].

We investigate how ultrashort halfcycle pulses, which can induce a current with an inversion symmetry
breaking, contribute to transient absorption spectra of the Hubbard model that describes strongly
correlated electron systems. Using the time-dependent density-matrix renormalization group method, we
demonstrate that the halfcycle pump pulse leads to the enhancement of optical absorptions in metallic
and superconducting states of the Hubbard model [3,4]. In the one-dimensional (1D) and two-
dimensional (2D) Hubbard models with attractive on-site interactions (U < 0), we find the enhancement
of absorptions at energies corresponding to amplitude modes associated with superconducting and
charge-density-wave (CDW) orders (see Fig.1).
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Fig. 1. Real part of time-dependent optical conductivity excited by an ultrashort half-cycle pump pulse for a
12.5% electron doped 1D Hubbard chain with 32 sites and on-site Coulomb interaction U=-4 in the unit of hopping
energy. The black lines are for the delay time between pump and probe pulses with < 0 (i.e., before
pumping) and the red solid and blue dashed lines are for © = 2 and 3, respectively, with pumping amplitude of
the vector potential 0.1z (a), 0.4z (b), and 0.5z (c). In (b) and (c) with large pumping amplitude, a two-peak
structure appears for ¢ = 2 and 3, where a peak around the energy w=2 (w=|U|=4) is related to an amplitude
mode of superconducting (CDW) order

This behavior is the manifestation of a current-induced activation of absorptions at amplitude modes in a
clean superconducting state. In a 2D system, we find that the amplitude-mode absorptions emerge in
both parallel and perpendicular directions to the pump pulse for U= —4 (in the unit of the electron
hopping), but only in parallel for U = —8. This U dependence comes from the difference in the localized
nature of superconducting pairing at weak and strong couplings. In a metallic state of the 2D Hubbard
model at nearly half filling with repulsive U > 0 on-site interactions, we find another type of absorption
enhancement broadly distributed in the Mott gap. The mid-gap absorptions appear in both directions
parallel and perpendicular to the pump pulse, who senonlocal nature can be attributed to the effect of
magnetic excitations.
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Room-temperature memristive switching of

Charge density wave states in EuTe,
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Control over the novel quantum states that emerge from non-equilibrium conditions is of both
fundamental and technological importance. Metastable charge density wave (CDW) states are
particularly interesting as their electrical manipulation could lead to novel memory devices [1].
However, the ability to use electrical pulses for non-volatile resistance switching involving CDW states
is exceedingly rare and has been limited to cryogenic temperatures.In this presentation, I will focus on a
recently discovered van der Waals semiconductor EuTe, that exhibits the coexistence of distinct CDW
orders [2, 3], which give rise to a giant hysteresis loop. The slight difference in colinear CDW
wavevectors in Te monolayers and bilayers creates a unique incommensurate Moiré superlattice [4],
which was shown to be susceptible to optical manipulation [5]. We have recently discovered that
electrical pulses can be used for excitation to hidden, yet stable electronic states over a broad
temperature range between 6 K and 400 K [6] (Fig. 1). We find that switching occurs through a non-
thermal pathway and is reversible via a thermal erase procedure. As the change in electronic order is
accompanied by a change in the material resistance, the electronic device acts as a memristor. The CDW
switching appears to be driven by an electric field with only low voltage needed to perturb the pristine
state.
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We demonstrate that non-volatile control of the CDW order via electrical pulses is possible up to, and
even above room temperature. Low-voltage, fast, and energy-efficient CDW switching observed in
EuTe, holds great promise for novel memory devices and neuromorphic computing applications.
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Interatomic spin transfer
C. von Korff Schmisna
Max-Born- Institut fur Nichtlineare Optik und Kurzzeitspektroskopie, 12489 Berlin, Germany

Ultrafast magnetization dynamics can be categorized as being induced either by a direct interaction with
the optical light field or by an indirect interaction via excitation of the electronic system, which only
couples to the magnetization subsequently. However, to date most microscopic mechanisms in
femtomagnetism in metallic systems have been identified to be secondary processes driven by an excess
of energy in the electronic system gained after optical excitation.

Only with the seminal work of Dewhurst et al. [1], the concept that the light field itself can directly
manipulate the magnetization was revived: time-resolved density-of-state calculations predicted that in
multicomponent magnetic systems optical excitation can efficiently redistribute spin-polarized carriers
between the different sublattices, leading to a local change of the magnetic moment within the temporal
duration of the light pulse. The process is called optical intersite spin transfer (OISTR) and within a few
years several experiments reported evidence for such direct spin manipulation by light [2,3,4,5,6,7,8,9].
In this tutorial, | will review the current understanding of OISTR and critically examine the
experimental observables currently associated with direct light-matter interaction. | will explain why
recent work [10,11,12] suggests alternative explanations beyond OISTR and partially challenges the
significance of previous results.

945 Fig. 1. a) Concept of the OISTR process.
sample | In an FeNi alloy minority spins are transferred
a) Fo b) ; via an optical “excitation from Ni to available
STR oD states in Fe. This would imply an ultrafast loss
: of magnetization in Fe and a concomitant
— LA increase of magnetization in Ni. Changes in
Alfilter the transient density of states is probed by 3p

gratng core hole transitions using XUV radiation. b)

Typical experimental geometry in ultrafast

a high harmonic generation spectroscopy called
I olomtemiior  Joaseise Lo TG megnctization . probed by a

broad XUV spectrum covering the 3p core-
hole transition of the magnetic sublattices, e.g.
Fe and Ni. ¢) Geometry where the light can
directly interact with the magnetic layer and d)
geometry where only hot electrons generated
in an Al layer interact with the magnetic layer.
In the latter case OISTR cannot take place.
Adapted from [10].

By focusing on element-specific experiments based on laser-driven high harmonic generation sources in
the extreme ultraviolet (XUV) spectral range, | will show how the complexity of the experimental
observables opens up new opportunities in ultrafast magnetization research.
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Many fundamental excitations in solids, such as lattice vibrations, collective electron motion, and spin
dynamics, naturally evolve on picosecond timescales and meV energy scales. As such, terahertz (THz)
spectroscopy, which matches these intrinsic time and energy scales, has emerged as a powerful tool [1].
The current frontier of this field explores how geometrical confinement shapes these phenomena in 'low-
dimensional’ (e.g., atomic-width) quantum dots, wires, and sheets. However, THz spectroscopy is plagued
by poor spatial resolution, and features smaller than ~ 100 um wavelength scales cannot be resolved,
impeding access to the rapidly evolving field of low-dimensional materials. These limitations can be
overcome by utilizing “near-field” methods, where a far-field THz beam is confined to nano-tip cavities,
transmission lines, or small apertures [2,3]. In our work, we choose a different avenue, and bring the
sample in direct contact with a microscopically small spintronic THz source [4]. The THz emission is
stimulated by a tightly focused ultrashort near-infrared laser beam, which determines the spatial extant of
the THz source. In this geometry (see Fig. 1 a), the confined THz light interacts with the sample still within
the nearfield of the spintronic source before diverging into the far-field
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Using this approach, we investigated how engineering THz light-matter coupling through the sample’s
geometry and dielectric environment gives rise to distinctive resonances that confine electromagnetic
waves to deeply sub-wavelength scales. We observe clear spectroscopic evidence of an artificial resonance
in the two-dimensional superconductor Bi,Sr,CaCu,QOsg, that only appears in the superconducting state of
below T, = 87 K (see Fig. 1, b). To visualize this resonance, we raster scan the confined THz source across
the sample to locally resolve and image the THz electrodynamics. We find that resonance is associated with
a clear wave-like spatial pattern, which aligns with the polarization of our THz light; a hallmark feature of a
plasmon (see Fig. 1, c). We further track this mode as a function of temperature and find a clear crossover
from geometry-dominated behavior below T, to a scattering-dominated regime in the normal state of
Bi,Sr,CaCu,0g.. These results show a clear avenue to deterministically control the THz light-matter
coupling in 2D quantum materials through geometrical confinement to design systems that more effectively
couple to light. This offers a promising venture point to explore the cross section of cavity quantum
electrodynamics and low-dimensional quantum materials.
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Selective excitation of Higgs and Leggett modes in two-band

Superconductor MgB,
N.-L. Wana
Peking University, Beijing 100871, China

Recent developments in nonequilibrium and nonlinear terahertz (THz) spectroscopies have significantly
advanced our understanding of collective excitations in superconductors. However, there is still debate
surrounding the identification of Higgs or Leggett modes, as well as BCS charge fluctuations, in the
well-known two-band superconductor MgB,. Here, we utilized both multi-cycle and single-cycle THz
pump-broadband THz probe techniques to investigate the THz nonlinear response of MgB,. Through
multicycle THz pump-THz probe experiments on MgB, (Fig. 1), we observed distinct nonlinear signals
at both the fundamental frequency (®) and the second harmonic frequency (2w) of the pump pulses,
which exhibited resonant enhancement at temperatures where their frequencies respectively match
2A4(T). They are mainly attributed to the n-band Higgs mode response. By adjusting the THz pump
pulse to a single-cycle waveform that satisfies non-adiabatic excitation criteria, we observed an over-
damped oscillation corresponding to the Leggett mode.
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Fig. 1. 0.35~THz multi-cycle pump-probe experiment results at 6~K. (a): Definition of tyump and tyrope in time-
domain. (b): Time-domain waveform of the nonlinear signal, cut at tyee. = 0.6 ps. (cg and (d): Time- and
frequency-domain waveforms of the extracted oscillation, cut at tye,e = 0.6 ps. (e): Time-domain waveform of
the nonlinear signal concerning toum, and tyope. (f): Frequency-domain waveform of the nonlinear signal AE (
T = toump - torove). The elongated signal peaks labeled from (1) to (6) could be well explained from the frequency
vector analysis of pump and probe pulses (mostly arising from four wave mixing of third order nonlinear
processes).

Our findings contribute to solving the ongoing debates and demonstrate the selective excitation of
collective modes in multiband superconductors, offering new insights into the interaction between Higgs
and Leggett modes.
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Ultrafast control of entanglement and ppin-triplet pairing in

Correlated materials
Y. Wang
Emory University, Atlanta, GA 30322, USA

The rapid progress in quantum science necessitates precise and predictive control over collective
electronic phenomena that extend beyond classical capabilities. Among the available strategies, ultrafast
laser pumping stands out for its rich parameter space and its ability to dynamically reshape electronic
structures in real time. By leveraging Floquet engineering with tailored ultrafast pulses, we achieve
transient control of many-body interactions and quantum states in strongly correlated systems. In this
talk, I will discuss the ultrafast control of magnetic, entanglement, and superconducting properties in
quantum materials. | will begin by demonstrating how paramagnon excitations in doped Mott insulators
with short-range magnetic order can be precisely manipulated using an ultrafast laser pulse, following
Floguet theory at the center of the pulse [see Figs. 1(a) and 1(b)]. Notably, this Floquet control is absent
in undoped Mott insulators, underscoring the critical role of doping and short-range correlations.
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Building on this, I will present two key applications of Floquet-engineered quantum materials. First, we
show that spin entanglement in a cuprate chain can be transiently enhanced by laser pumping [see Fig.
1(c)]. This increase in entanglement depth can be quantitatively witnessed through a self-consistent
analysis of time-resolved resonant inelastic x-ray scattering (trRIXS) data. Second, | will demonstrate
that Floquet engineering can induce a transient sign reversal in the magnetic exchange interaction,
creating favorable conditions for spin-triplet superconductivity. Leveraging this mechanism, we further
show that a single polarized optical pulse can directly switch on p-wave pairing correlations [see Fig.

1(d)].
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Hidden states and dynamics in twisted moiré structures
Y. Wang, X.-Y. Zhu
Columbia University, New York, NY 10025, USA

Over decades, the search for and understanding emergent quantum phases has posed significant
challenged for physicist. Moiré systems, with their tunable superlattices, provide a powerful platform to
investigate quantum phases, such as correlated insulators, superconductivity, magnetism and beyond.
Particularly, twisted MoTe, bilayers have recently reveded exctic fractional quantum anomalous Hall
(FQAH) and fractional topological insulators (FTI), which have never been observed in conventional
quantum materials. In this abstract, we introduce a non-equilibrium approach to detect equilibrium state.
Using transient optical spectroscopy, we uncovered nearly 20 hidden states at fractional fillings absent
in static measurements.

) Filling Factor (v) (d)

Static
R’ (counts)

4.0 x10¢
us.z

Transient
At = 300ps
ARR

0 x10° (e)
Uso 10

Energy (eV)

AR/R (normalized)

Energy (eV)

0.0
-3.0

l\/F At=300ps

Exciton
f ‘ — D=0.2V/nm
rio D=0
15 [ ] I 1 ] I [
0 20 40 60 500 1000 1500
At (ps)

Fig. 1. Transient gate map and time profile: (a) Static reflection spectrum (R) as a function of gate bias (Vg)
and probe photon energy (2 ); (b) Transient reflection spectra, AR/R (pseudo color), where AR = R(At) — R, as
a function of Vg and % w2 for delay times of At = 300 ps; (c) Line cuts from the spectral maps at exciton (black)
and trion (red) energies. The calibrated filling factors (v) are indicated on the line cuts. All experiments carried
are out at a sample temperature of T = 2.0 K; (d) Time profiles of transient reflection (4AR/R) for: a v=%1;

(d) Time profiles of the v= -1 state in device D2 (6 = 3.10) at two displacement fields, D = 0.0 (red) and 0.2
Vinm (blue). Each profile is obtained at the probe photon energy where AR/R reaches minimum, integrated over
a small spectral window (£2 meV). Note that each panel is divided into two scales (0-75 ps and 75 — 1875 ps).

AR/R (normalized)

Beyond known states, we identified new fractional fillings, including v = -4/3, -3/2, -5/3, -7/3, -5/2, and
-8/3, potential candidates for predicted topological phases. Additionally, we will discuss the differing
dynamics of the electron and hole doped states. These findings not only reveal hidden states but also
highlight the dynamic role of topological protection, motivating further experimental and theoretical
exploration of exotic quantum phases.
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Ultrafast dynamics and light-matter coupling at the atomic scale
M. Wolf
Fritz-Haber-Institut der Max-Planck-Gesellschaft, 14195 Berlin, Germany

Light-induced control of quantum materials has opened new frontiers in condensed matter physics,
enabling the manipulation of electronic and structural phases on ultrafast timescales. While time-
resolved pump-probe techniques provide insights into the ultrafast dynamics of solid-state quantum
systems, they generally lack the spatial resolution required to probe atomic-scale variations arising from
defects, heterogeneity, or domain boundaries. Recent advances in ultrafast scanning tunnelling
microscopy (STM) [1, 2] and plasmonic nanocavities have enabled the imaging of ultrafast dynamics
with angstrom-scale spatial resolution. In particular, THz-lightwave-driven tunnelling in an STM
junction (THz-STM) has emerged as a powerful tool for probing ultrafast carrier dynamics, molecular
vibrations, and collective excitations with sub-nanometer precision. Imaging of single molecular
vibrations or coherent phonon modes in a crystal lattice has been demonstrated in real time
(femtoseconds), with spatial resolution ranging from angstromsto a few nanometers. Coherent phonons
can provide microscopic insight into ultrafast lattice dynamics and coupling to other degrees of freedom.
Excitation and relaxation of coherent phonons may be susceptible to the local nanoscale environment,
calling for real-space observation of lattice dynamics. Here we demonstrate nanoscale local coherent
phonon spectroscopy employing time-resolved STM in a plasmonic junction, and unveil spatial inhomo-
geneities of coherent phonon dynamics in ultrathin zinc oxide (ZnO) films with nanometer spatial and
femtosecond temporal resolution [3]. Scanning tunneling spectroscopy (STS) and wavelength dependent
excitation allows to correlate the local electronic structure with the coherent phonon dynamics. Applying
THz-STM to study the ultrafast local response of macroscopically ordered quantum phases remains a
challenge, as it requires STM operation under intense local THz fields that can strongly modify sample
properties. This is particularly critical for materials such as 1T-TaS,, where strong electron-phonon
coupling, electronic correlations, and stacking-dependent electronic order render the system inherently
sensitive to external perturbations and metastability. Here, we employ THz-STM combined with
ultrafast photoexcitation to investigate the local ultrafast dynamics of a THz-induced metastable state in
1T-TaS; (see Fig. 1). ; ; ' ; . ; . . ; . ;
2 . a) 0.8
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Fig. 1. Left : Experimental scheme for measuring local ultrafast photoinduced dynamics at the surfaceof 1T-
TaS, by time-resolved THz-STM. The system is excited by a train of 35 fs NIR and THz pulses separated by time
delay At. Right: Ultrafast photoinduced change of the THz-induced current on a local CDW defect (star in inset)
induced by the NIR pulses. After pulse overlap (shaded area), a constant baseline with a long-lived coherent
modulation is observed exhibiting two oscillation frequenciesat 2.45 and 1.36 THz.

We demonstrate that THz excitation not only enables probing of ultrafast photoinduced charge density
wave dynamics via THz-lightwave-driven tunnelling, but also drives 1T-TaS, into a long-lived
metastable CDW phase with a locally modified quasi-stationary insulating gap (Fig. 2). In particular,
coherent oscillations in the THz-driven tunnelling current reveal the well-known 2.4 THz amplitude
mode of the CDW, which persists in the metastable state state. In addition, we find a previously
unobserved 1.3 THz mode that emerges near local defects. Our results demonstrate the dual role of the
tip-enhanced THz field in THz-STM, both as a driver of metastability and as a probe of local ultrafast
dynamics, and highlight the influence of defects on the local dynamics of charge order [4].
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Fig. 2. Two-dimensional potential energy surface (PES) of
the comensurate CDW phase of 1T-TaS2 excited by the tip-
enhanced THz field. Along the CDW order parameter Ycpw,
in the ground state (GS), the PES is described by the known
double-well Mexican hat potential (at fixed CDW phase,
black curve). An increasing THz field drives the system into
a metastable state (MS, see left projection) with an
energetically lifted C-CDW potential (purple double-well
potential). Optical excitation induces coherent amplitude
mode (AM) oscillations in this metastable C-CDW phase [4].

Our results establish THz-STM as a powerful tool for unveiling the spatially varying ultrafast response
of correlated quantum phases, paving the way for new insights into light-driven phase transitions at the
atomic scale.
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Light control of guantum matter
M. Schiro
Coll’ege de France, F-75321 Paris, France

The increased control over light-matter interactions, both at the classical level as well as in the genuine
quantum regime, has turned the electromagnetic radiation from a traditional spectroscopic probe to an
invaluable tool to control and manipulate complex quantum many body systems. An exciting new
frontier is to take advantage of the quantum nature of light in solid state experiments to enhance
transport or to dress, cool and control selected collective excitations of solids. In this talk I will review
our work on prototype models of electrons coupled to quantum fluctuations of a cavity mode. First I will
discuss the role of gauge invariance in constraining the form of light-matter interaction and how
coupling to cavity modes can allow to control the topological properties of a material [1,2,3] (Fig. 1
left). In the second part of the talk I present a theoretical framework for the quantum electrodynamics of
graphene Landau levels embedded in a deep subwavelength hyperbolic cavity, where light is confined
into ultrasmall mode volumes. By studying the spectrum, we discuss the emergence of polaritons, and
disentangle the contributions of resonant quantum vacuum effects from those of purely electrostatic
interactions.

Fig. 1. Left: top-SSH Model Coupled to a Cavity ——=
mode; bottom-Phase Diagram.

Right:.top - Graphene in a deep sub wavelength f |
cavity; bottom: Non-Local light-matter vacuum I !
Rabi Coupling E Lol |

Finally, we study the hybridization between magnetoplasmons and the cavity's electromagnetic
modes[4] due to the highly non-local Vacuum Rabi coupling (Fig.1 right)
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Nanophotonic lithium niobate waveguides for ultrafast

Frequency comb generatlon UV to Mid-IR
T.-H. WU', S. A. Diddams®
'University of Colorado, Boulder, CO 80309, USA
2National Institute of Standards and Technology, Boulder, CO 80305, USA

Thin-film lithium niobate integrated nanophotonics offer transformative opportunities for the
development of broadband frequency combs spanning from the ultraviolet to the mid-infrared on a
compact, robust, and scalable platform. By harnessing both geometric dispersion engineering and
periodic poling techniques, these devices simultaneously phase-match second- and third-order nonlinear
processes @ and x(3), enabling highly efficient harmonic generation and supercontinuum generation
across lithium niobate’s wide transparency window (350 to 5000 nm) [1]. In this work, we demonstrate
that such spectral versatility can be achieved using straightforward and fabrication-friendly waveguide
designs, which are driven by reliable and commercially available frequency comb lasers operating in the
1550 nm telecom band with only 100 picojoule-level pulse energies.This integrated approach not only
simplifies the system architecture but also significantly reduces both power consumption and physical
footprint, eliminating the need for complex bulk optics and high-energy pump sources. The resulting
frequency comb spans a broad spectral range from 350 nm to 2800 nm, operating with pulse energies as
low as 100 pJ (equivalent to 10 mW at a 100 MHz repetition rate). Leveraging highly nonlinear
processes within a nanophotonic platform, the system reduces total power consumption from 50 W—
typical for bulk-crystal-based amplifiers—to just 5 W. The ability to engineer dispersion and tailor
nonlinear responses in thin-film lithium niobate waveguides enables the design of highly efficient,
broadband sources optimized for diverse applications, including precision timing, astronomical
spectrograph calibration, quantum photonics, and broadband molecular sensing. Ultimately, this work
sets the foundation for the realization of fully integrated, hand-sized ultrafast laser systems and portable
frequency combs. These systems will usher in a new era of field-deployable comb-based technologies,
unlocking capabilities in real-time environmental monitoring, mobile atomic clocks, space-based
spectroscopy, and next-generation quantum sensors. Figure 1 (a) and (b) illustrates a simplified
frequency comb spectrum spanning from 350 nm to 1200 nm, effectively covering the key optical
transitions for Yb and Sr atomic clocks [2]. Figure 1(c) shows the lithium niobate chip enabling f-2f
measurement and integration into a self-referenced frequency comb, resulting in a compact frequency
comb laser.
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This low-SWaP frequency comb light source represents a significant innovation, paving the way for compact and
space-qualified atomic clocks in the near future [3]
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Spin transfer dynamics in hetero-bilayer of graphene and TMDC:

A first-principle computational study
S. Yamada'. A.Hashmi? T. Otobe’
! Kgushu Institute of Technology Kyoto 619-0215, Japan
The University of Tokyo, Tokyo, 113-8656, Japan

Two-dimensional materials such as transition metal dichalcogenides (TMDCs) and graphene have
attracted much attention as promising materials in the field of spintronics, where spins are used as
information carriers. TMDC monolayer can generate spin-polarized electronic excitations with a
circularly polarized laser pulse due to the valley selection rule and strong spin-orbit interaction (SOI).
On the other hand, graphene cannot generate spins due to the absence of SOI but has high electron
mobility. Therefore, if we can efficiently transfer spins from TMDC layer to graphene layer in a stacked
heterostructure of TMDC and graphene, we can realize an ideal optical device that can efficiently
generate and transfer spins. In fact, it has been reported that spin injection with circularly polarized light
pulses has been achieved in a heterostructure of MoS, and graphene [1]. However, the microscopic
mechanism behind the spin transfer is still unclear. The aim of this study is to elucidate the microscopic
mechanism of spin dynamics in TMDC-graphene hetero-bilayer by first-principles calculations based on
the time-dependent density functional theory (TDDFT). Using SALMON-TDDFT code [2], we
calculated the electron dynamics in a hetero-bilayer of WSe, and graphene irradiated with circularly
polarized light pulses and analyzed the transfer process of the spin magnetization generated in WSe, to
graphene. Figure 1(a) shows the calculated spin magnetization density after the pulse ends. It can be
seen that the spin magnetization around WSe; is transferred to graphene. In Fig. 1(b), the distribution of
the spin-polarized excited carrier density, n,,(T) — n., (), after the pulse irradiation is depicted as a
function of the z coordinate and orbital energy. Fig. 1(c) shows the same as (b) but for the respective
lsolated Iayers The photon energy, peak intensity, and pulse duration of the laser pulse are set to 1.5 eV,
10" W/cm?, and 20 fs, respectively.
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Fig. 1: (a). Spin magnetization density in the WSe,-graphene hetero-bilayer after the pulse irradiation.
(b, c).Distribution of the spin-polarized excited carrier density as a function of the z coordinate and orbital energy
for the hetero-bilayer and respective isolated layers, respectively.

We can see that the spin around the Se layer at the side of the graphene layer transfers to the graphene
layer. In this presentation, we will discuss the results of our analysis for the laser intensity and pulse
duration dependences of the spin transfer and its time scale.
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Ultrafast intrinsic optical-to-electrical conversion dynamics in

2D semiconductor proved by THz electronics
K. Yoshioka
NTT Corporation, 243-0198 Atsugi, Japan

Photodetectors based on two-dimensional materials have been extensively studied due to their high
design flexibility, which offers the potential to surpass conventional semiconductor devices. However,
the detailed mechanisms of the optical-to-electrical (O-E) conversion process remain unclear, and a
definitive design guideline has yet to be established. Black phosphorus (BP) is a semiconductor with
anisotropic properties and a tunable bandgap depending on the number of layers. Compared to transition
metal dichalcogenides (TMDs), BP exhibits a higher carrier mobility, making it a particularly intriguing
material. In fact, it has been reported that BP enables the fabrication of photodetectors that achieve both
high sensitivity and fast operation speeds [1], and it serves as a parent material for shift current
generation [2]. Understanding the fundamental properties of BP is therefore crucial from both basic
science and application perspectives. Here, we investigate the ultrafast dynamics of the O-E conversion
process by reading out the photocurrent with sub-picosecond time resolution using on-chip terahertz
spectroscopy [3,4]. The schematic diagram of the experimental setup is shown in the inset of Fig.1la
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Fig. 1. a. Gate voltage dependence of the resistance in black phosphorus. The inset shows the device structure
near the black phosphorus region. b. Gate voltage dependence of the photocurrent measured at Vsp =0 V.

The BP sample is connected to source and drain electrodes, with the drain electrode structured as a
Goubau line, enabling the readout of ultrafast currents in the THz regime. The top-gate electrode is
made of zinc oxide (ZnO), which is transparent to high-frequency signals above the GHz range. This
allows us to modulate the carrier density of BP without being limited by the device’s RC time constant
for photocurrent readout. The pump light is focused at the BP—drain electrode interface. Figure 1(a)
shows the gate voltage (Vcae) dependence of the BP resistance, confirming that the charge neutrality
point is located near Vgae = 0 V. Fig. 1(b) presents the Vgae dependence of the real-time photocurrent
waveforms measured at a source-drain bias voltage of Vsp = 0 V. We focus on the sharp peak signal
observed around 10 ps. Previously, we demonstrated that ultrafast photocurrents due to the
photothermoelectric effect (PTE) occur under similar experimental conditions in graphene [4]. However,
in the present measurements, the sign of the photocurrent peak is independent of the carrier type,
indicating that the PTE cannot account for the observed photocurrent. Instead, we interpret this response
as the first direct observation of hot-carrier super-diffusion at a semiconductor-metal interface, captured
as an electrical current. Further analysis revealed that the intrinsic 3 dB bandwidth of the response
reaches up to 600 GHz [5].
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Optical control of ferroaxial order via circular phonon excitation
Z. Zeng', M. Férst', M. Fechner!, M. Buzzi* bD Prabhakaran®, P. G. Radaelli®
A. Cavalleri
'Max-Planck-Institut fur Struktur und Dynamik der Materie, 22761 Hamburg, Germany
2University of Oxford, Oxford OX1 3PU UK

Ferroaxial order refers to a distinct ferroic order in crystal systems characterized by a rotational texture
of electric-dipoles (Fig. 1la [1]). Recent studies have shown the potential of ferroaxially ordered
materials in multiferroic applications [2,3]. However, its unique symmetry prevents direct coupling to
stress or static electric fields, limiting conventional control methods. Here, we propose and demonstrate
an alternative approach: resonant excitation of optical phonons with circularly polarized light. The
prototypical ferroaxial material RbFe(MoO,),, with a transition temperature at ~190 K, serves as an
ideal platform for study. The transition lowers the point group symmetry from 3m to 3, enabling
second-harmonic generation circular dichroism (SHG-CD) as a sensitive probe of the ferroaxial order
(Fig. 1b) [4].
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Symmetry analysis identifies the coupling between ferroaxial order in RbFe(MoO,), and circularly driven Eu-
symmetry phonon modes, which can be excited by circularly polarized mid-infrared light. Experimentally, SHG-
CD measurements show a reversible switching behavior under single-shot excitation, confirming deterministic
control of the ferroaxial order (Fig. 2). This work establishes a new mechanism for manipulating ferroaxial order
via light-driven phonons, enabling dynamic control of ferroic properties in complex materials.
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This work establishes a new mechanism for manipulating ferroaxial order via light-driven phonons,
enabling dynamic control of ferroic properties in complex materials.
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High pressure ultrafast dynamics of superconductors
J. Zhao
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

Both ultrafast spectroscopy and high-pressure physics is important fields of condensed matter physics.
Combining the two is non-trivial, because conventional efforts cannot fully remove potential artifacts
caused by repositioning fluctuations. In conventional ways, the DAC is usually taken out of the light
path to tune and calibrate pressure and then put back, which often introduces sample motion and rotation
(i.e. repositioning fluctuation). We successfully innovated and constructed an on-site in situ low-
temperature high pressure pump-probe ultrafast spectroscopy instrument [1,2], for which the DACs and
samples remain within the light path, thus successfully removing repositioning fluctuation. This
innovation allows for precise measurements in both the amplitude and lifetime.
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Using this instrument, we studied strongly correlated iridate Sr,IrO4 under high pressure. For the first
time we found pressure-induced phonon-bottleneck effect [3]. More significantly, we have successfully
conducted the first ultrafast dynamics investigation of hydrogen-rich superconductors [4]. We
investigated the high-pressure ultrafast dynamics of LaH;..s (Fig. 2) at different temperatures.
Simultaneously, we detected the phonon-bottleneck effect [5]. Through the temperature-dependent and
fluence-dependent experimental data, we obtained the EPC strength of LaH;o.s 4=2.58+0.11, the
superconducting gap A(0) =53+5meV, the gap ratio 2A(0)/kgT.=5.6, and the gap parameter 9=1.95.
This direct experimental evidence, especially the value of 4, points to strong EPC in the
superconductivity of a clathrate superhydride [4].
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These achievements critically help the inauguration of “high-pressure ultrafast dynamics” to become a
new cutting-edge frontier of condensed matter physics. Time permits, | will also address a little bit on
our recent progress.
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Ab initio study of laser-induced ultrafast spin

Dynamics in magnet systems
Z. Zhou, J. He
Charles University, Prague 12843, Czech Republic

The ultrafast manipulation of magnetization dynamics via laser pulses has emerged as a focal point
within the realm of opto-spintronics in recent years, owing to its rapidity and low energy consumption.
This talk focuses on our recent research investigating the interaction among spin, charge and phonon
within magnetic systems. First, 1 will discuss how pre-excited coherent phonons alter the local spin
moment of Fe;GeTe, [1]. We observe that selective pre-excitation of coherent phonons under ultrafast
laser irradiation significantly induces additional spin moment loss, which is attributed to the nuclear
motion-induced asymmetric interatomic charge transfer. After the laser disappears, the excited spin-
resolved charge undergoes a bidirectional spin-flip between spin-down and spin-up states, characterized
by a subtle change in the spin moment within approximately 100fs, followed by unidirectional spin-flip,
which will further contribute to the spin moment loss of FGT within tens of picoseconds.
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Fig. 1. (a) Schematic of pre-excited coherent phonons (Top) and corresponding phonon-assistant spin moment
loss (bottom) of FesGeTe, [1]; (b) Schematic of the laser irradiation along the k, axis and rotated with an angle
@ in Brillouin zone (left); The corresponding spin moment loss and net magnetic moment (right) [2].

Furthermore, | will discuss our recent investigation on ultrafast spin dynamics in altermagnet [2]. We
demonstrate that laser pulses can drive asymmetric demagnetization dynamics of identical sublattices in
the d-wave altermagnet RuO,, resulting in a photo-induced ferrimagnetic state with a net moment of
~0.2 uB per unit cell. This polarization arises from the momentum-dependent spin splitting, which is
unique to altermagnets, and which induces a momentum-dependent optical intersite spin transfer effect.
Furthermore, ferrimagnetic polarization is highly controllable; it depends on the polarization direction of
a linear polarized laser. The underlying physics of this effect comes due to excitation along the spin-
polarized planes which break the symmetry of the momentum-space magnetization distribution, leading
to inequivalent spin-resolved charge transfer between sublattices across both momentum and real space.
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Coherent ferrons
X. Zhu
Columbia University, New York, NY 10027, USA

Excitation of ordered phases produces quasiparticles and collective modes, as exemplified by magnons
that emerge from magnetic order. Coherent magnons, also called spin waves, are finding applications in
information transmission and quantum interconnects. Extending this paradigm to ferroelectric materials
suggests the existence of ferrons, i.e. fundamental quanta of the collective excitation of ferroelectric
order [1]. While coherent magnons are observed in a broad range of experiments, coherent ferrons have
eluded experimental detection. This discrepancy is particularly intriguing given that electric dipole
interactions (Fg) are inherently stronger than their magnetic counterparts (Fwv), Fz/Fy = (a®- &) >
1, where « (= 1/137) is the fine structure constant and ¢, the high frequency relative dielectric constant.
Recently, we discovered that the 2D vdW in-plane ferroelectric NbOI, (Fig. 1a) emits intense THz
radiation from optical rectification [2], with efficiency 20-50x higher than that of the current standard,
ZnTe (Fig. 1b).
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In addition to broadband THz emission, we observed intense and extremely narrowband THz radiation
from NDbOI, at the ferroelectric transverse optical (TO) phonon frequency of 3.13 THz (Fig. 1¢c & 1d).
The TO phonon is found to couple strongly to excitonic transition of this 2D semiconductor [3], thus
allowing us to track this THz mode conveniently with visible light [3]. This 3.13 THz mode is the
coherent ferron predicted theoretically [1]. Its emission is a second-order nonlinear process that requires
ferroelectric order [4]. Moreover, we observe their propagations along the polar direction at extremely
hypersonic velocities exceeding 10° m/s [4]. The discovery of coherent ferrons paves the way for
numerous applications, including narrow-band THz emission, ferronic information processing, and
quantum interconnects.
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Valley polarized exciton dynamics in momentum space
X. Zhu', D. R Bacon', V. Pareek’, J.Madéo’, K. Watanabe?, T. Taniguchi®, M. K. L. Man', K. M. Dani*
LOkinawa Institute of Science and Technology, Onna Okinawa, Japan 904 0495
“National Institute for Materials Science,1-1 Namiki, Tsukuba Ibarakl Japan305-0044

In monolayer transitional metal dichalcogenides (TMDCs), due to lack of inversion symmetry, the
valley index of excitonic states can be manipulated through circular polarization of light [1-2]. However,
with the complex landscape of exciton species in TMDCs, such as spin- or momentum- dark excitons,
the dynamics of valley polarized excitons, which are crucial for valleytronic applications, lacks clear
understanding. Few experimental techniques can provide measurements that directly access the
momentum and energy coordinate of constituent electrons and holes of excitons. Meanwhile, time- and
angle- resolved photoemission spectroscopy (TR-ARPES) has become a powerful tool to study excitons
of 2D semiconductors in energy-momentum space [3-6]. In this talk, we will discuss our momentum-
resolved study on the valley-polarized excitons in monolayer WS, by TR-ARPES.
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We selectively photoexcite the bright A-excitons in the K valley by a resonant circularly polarized pump
at 2.1 eV, showing an initial high degree of valley polarization as in (Fig. 1a, b). Benefiting from the
high energy resolution of our TR-APRES, we resolve the spin-split states (Fig. 1c) and access the
constituent electrons and holes of the various spin- and momentum- dark excitonic states after
photoexcitation. By doing so, we provide a holistic view of the absolute population dynamics of dark
excitons over the entire Brillouin Zone. In particular, at low temperature, low density and resonant
excitation, we find that the excitonic landscape is largely dominated by valley polarized K’-K
momentum-dark states, and that at long time delays, spin-dark states ultimately dominate. Accessing the
absolute populations of valley-polarized dark excitons is key to taking advantage of the properties of
dark excitons for quantum technologies with their long lifetime and protection against decoherence.
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Probing density-wave order and excitonic correlations with

Attosecond core-level XUV spectroscopy
M. W. Zuerch
University of California at Berkeley, Berkeley, CA 94720, USA

The charge-density-wave (CDW) transition in 1T-TiSe, is believed to be accompanied by exciton
condensation due to strong electron-hole interactions [1], yet the signature of such excitonic effect in
equilibrium is still under debate to date [2]. Theoretical and experimental advances in nonequilibrium
techniques have provided an alternative route to understanding the nature of the ground state in 1T-TiSe; [3-
5], and in the past, we have shown that the melting of excitonic correlations in this compound is governed by
photoinduced 3D-to-2D dimension crossover of the CDW order [6]. Here, using state-of-the-art ultrafast
electron diffraction and attosecond transient XUV absorption spectroscopy, we closely examine the
structural and electronic responses after photoexcitation, unveiling a transient state with proliferation of 1D
topological defects as well as a fluence-dependent response that is consistent with an interpretation of
transient melting of excitonic correlations. Mechanism of ultrafast formation of topological defects. Right
above the CDW transition temperature T, ~ 200 K, 1T-TiSe, features a 2x2 short-range CDW state [6,7].
Following photoexcitation, besides the transiently suppressed intensity of the diffuse CDW peak, the most
dramatic change to the CDW order is an anisotropic reduction of its correlation length, highlighted by the
anisotropic broadening of the CDW peak width in Fig. 1a recorded by ultrafast electron diffraction. We
observed that the CDW peak width parallel to the CDW wavevector (llq) increases much more than the
perpendicular direction (Lq) (see Fig. 1b), suggesting the formation of 1D domain walls that disrupt the

CDW phase coherence.
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Notably, the peak broadening dynamics does not follow the CDW amplitude dynamics encoded in the peak
intensity (Fig. 1b), but rather follows the nonthermal population of longitudinal optical phonons (Fig. 1e),
whose dynamics can be isolated from that of other phonon branches by examining specific order and region
of the Brillouin zones, as verified by our phonon structure factor calculations (Fig. 1d). The simultaneous
measurements of both 2D CDW peaks and diffuse phonon signals offer a detailed picture of how topological
defects develop in two stages in the sub-picosecond regime, as summarized in Fig. 1g. This work provides
the missing time axis in the sub-picosecond scale for describing a defect-driven transition, highlighting the
role of longitudinal phonons in mediating the domain wall generation that is expected to find applications in
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other symmetry-broken states [8]. Signatures of excitonic melting in attosecond transient XUV absorption
spectroscopy. The superior temporal resolution, element-specificity, and broadband nature of attosecond
transient XUV absorption spectroscopy (ATAS) has made it an indispensable tool in the study of quantum
materials [9]. However, on the first sight, it is unclear how a low-energy phase transition such as CDW
formation and excitonic condensation in 1T-TiSe, manifests in the XUV spectrum at the energy scale over
tens of eV. A previous ATAS study resorted to using the type of excited coherent mode to determine the
ground state [10], whereas direct evidence of the excitonic condensation and structural change in the XUV
spectrum is lacking. To this end, we systematically mapped the temperature-dependent XUV absorption
spectra at the Ti M3 and Se M,s edges with meV energy resolution over a 300 K temperature window
(Fig. 2a), and found that specific absorption peaks (such as peak 2 in Fig. 2b) exhibit a kink in peak position
at T.. Given such sensitivity to the phase transition in equilibrium, we further examined the transient
response after photoexcitation (Fig. 2c,d). Besides the pronounced A;q coherent phonons, we found that
peak 2 also exhibits a faster quench at an increasing incident fluence (Fig. 2e,f), which scales as 1/+/n where
n is the number of excited carriers proportional to the fluence.
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Fig. 2. Static and transient XUV spectroscopy of 1T-TiSe,. a, static absorption of 1T-TiSe, at different temperatures from 21 K (blue) to 317 K (red),
featuring the Ti M3 edges and the Se M, s edges. The CDW transition temperature is approximately 200 K. Except for the top curve, each curve is
vertically displaced for clarity. b, position of peaks 1-5 labeled in panel a, where peak 1 belongs to the Ti M, ; edges and peaks 2-4  belong to the Se
My s edges. Vertical dashed line marks T.. c,d, XUV transmission changes near the Ti M, 3 edge and Se M, s edge recorded in the CDW phase.
Schematics on the right show the CDW soft phonon (c) and the Ay phonon (d) in the undistorted lattice. e, time-dependent changes  of the Se
absorption edge probed around peak 2 (labeled in panel a) depending on the pump fluence. f, the initial response time in panel e as a function of
fluence. The delayed response for a lower number of photoexcited carriers is consistent with exciton melting.

This observation is consistent with a picture where a larger number of excited electrons will lead to faster
breaking of the exciton correlations due to carrier screening [3]. This combined temperature-dependent
equilibrium spectra and fluence-dependent nonequilibrium response showcase the sensitivity of XUV
absorption in detecting low-energy processes that play a dominant role in the properties of most quantum
materials [11].
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