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

This Conference is the 12th in a series of International symposia, conferences and workshops on Ultrafast Dynamics and
closely related and application technology driven by Ultrafast Bandgap Photonics which we are running from 2013. University
of Arizona Wyant College of Optical Sciences is hosting the 12th Conference in Tucson Arizona-the 1st time for the event to be
held in Arizona, which is a home for one the most advanced physics and electro-optics centers of the country.

Conference 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
Conference sessions and respectfully to 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 Plenary and Keynote papers.
Proceedings is oranized in alphabetic order while index section provides easy search for specific researchers who authored the
papers. Keynote papers, where results and considerations of most common interest topics are presented, while the Astract
Proceedings is compiled based 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 Ultrafast Dynamics and
Ultrafast Bandgap Photonics which one can get in 2024. 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
photovoltaics for energy generation and covering practically many phenomena of interests in interaction of low energy-high
intensity pulses 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, static pressure, electric and magnetic potentials, biased
irradience as well as different types of excitation energy- from photonic to electrical pulses and so on.
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Terahertz nonlinear and parametric spectroscopy of quasiparticles and

Condensates in quantum materials
R.D. Averitt
University of California San Diego, La Jolla, CA 92093

Coherent terahertz pulses are a powerful probe of low-energy electrodynamics in quantum materials. This
includes materials such as superconductors and charge density wave materials since ~0.1-10 THz is the
appropriate energy scale to access electrodynamic signatures associated with condensate responses [1-4].
Advances in terahertz techniques including broadband and high-field generation enable dynamic measurements
that provide new insights into these materials. For example, terahertz drive can induce nonlinear optical
responses arising from coherent order parameter dynamics. This, in turn, provides a route to identify subtle
effects not available from linear response measurements. More generally, THz light-matter interactions is one of
many complementary ultrafast optical techniques that, in addition to providing insights into ground state
properties, will enable on-demand control of quantum materials [5-7]. In this contribution, we focus on coherent
condensate responses in the superconducting cuprate La;gsSro15CuO, (LSCO) and the excitonic insulator
Ta;NiSe, (TNS) [8, 9]. The data in Fig. 1(a) from LSCO show the terahertz reflectivity of a c-axis oriented
crystal with the terahertz electric field polarized perpendicular to the copper oxygen planes.The low frequency
response corresponds to c-axis tunneling of Cooper pairs and is a well-defined signature of superconductivity
(i.e., appearing below the superconducting transition temperature). This feature is fairly insensitive to the
incident field strength, though the plasma edge (minimum in the reflectivity near 1.7 THz) does exhibit a slight
redshift with increasing field. In contrast, the reflectivity above 1.7 THz dramatically increases with electric
field strength and arises from third harmonic generation from the condensate [8]. Another example of a
nonlinear many-body condensate response occurs in the putative excitonic insulator TNS. The data in Fig. 1(b)
shows the reflectivity enhancement from 0.5 - 7.5 THz following excitation with 0.5 eV pulses. The broad
reflectivity enhancement is punctuated by peaks corresponding to infrared active phonons in TNS, with the
largest enhancement occurring at 4.7 THz. DFT calculations show strong electron phonon coupling for this
mode. As shown in Ref. [9], this leads to phonon-squeezing, which serves as a coherent many-body response
that drives stimulated parametric emission in the presence of a terahertz probe beam. The amplitude of this
enhanced reflectivity (not shown) rapidly decreases with increasing temperature and serves as a reporter of a
condensate-like behavior in TNS which is difficult to otherwise detect.

Fig. 1. Condensate response at THz: (a) Nonlinear reflectivity
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Frequency (THz) Freauency (TH2) emission arising from phonon squeezing.

These results highlight that nonlinear terahertz techniques enable characterization of subtle interactions in
quantum materials. In particular, condensates exhibit strong nonlinear and parametric light-matter interactions
that encode information about these contemporary materials.
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Designing and probing exciton quantum phase transitions in 2D

Semiconductor heterostructures
Y. Bai*, Z. Sun', Y. Liu?, X. Y. Zhu?
'Brown University, Providence, RI 02912, USA
2Columbia University, New York, NY 10027, USA

Designing and harnessing quantum phases of matter is a central goal in modern physical sciences and
information technologies. These quantum phases are predominantly characterized as interacting many-
body systems, where quantum phase transitions occur due to the competition between many-body
Coulomb potentials and the particles' kinetic energy. In this context, interlayer excitons in 2D transition
metal dichalcogenides (TMDC) with type-11-aligned heterostructures offer a versatile bosonic system for
realizing quantum phases of matter, given by their large out-of-plane dipole moments that enable long-
range Coulomb interactions. By constructing a symmetric WSe,/MoSe,/WSe, heterotrilayer, we have
realized ordered phases of interlayer excitons [1,2]. This ordered phase is characterized by sharp
photoluminescence persisting at an exciton density of ~102 cm~’, an electric -field-driven exciton Mott
transition, and negligible exciton mobility. More recently, we have further regulated the competition
between exciton many-body Coulomb potentials and kinetic energy by constructing a
WS,/WS,/WSe,/WSe, hetero-twisted double homobilayer [3]. This system hosts emergent heavy
excitons with distinct photoluminescence compared to that observed in regular heterobilayers,
originating from the Coulomb binding of highly hybridized electrons and holes residing in each twisted
homobilayer.
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Fig. 1. (a) Schematic of staggered excitons in a TMDC heterotrilayer, and (b) excitons composed of hybridized

electrons and holes in a TMDC hetero four layer. (c) Photoluminescence spectra of interlayer excitons in bilayer
and trilayer. (d) Electric-field-dependent photoluminescence spectra revealing field-drive exciton Mott transitions.

Our experimental observations underscore that multilayer interlayer excitons can be explored as a
capable model bosonic system for programming a range of quantum phases of matter.
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Ultrafast structural relaxation and coherent excitation of triplet pairs
D. Bain, A. Musser
Cornell University, Ithaca, NY 14850, USA

In organic electronics, excited state phenomena are regularly complicated by the presence of dark states.
Dark states can lead to unwanted loss pathways or occasionally be used to steer photochemical reactions
towards a desired result. A unique dark state that exists as a dlstlnct intermediate during smglet fission
(or triplet-triplet annihilation) is the multiexciton triplet pair state (*TT). Traditionally, ‘TT cannot be
directly populated from the ground state or emit a photon based on symmetry selection rules, however,
there are growmq reports of *TT emission in increasingly diverse systems [1]. For the first time, we
demonstrate that “TT can be directly photoexcited in a range of pentacene derivatives [2]. This effect is
generalized to a wide range of aggregation types with varying degrees of coupling strength and is further
generalized from lntermolecular to intramolecular singlet fission. We are additionally able to enhance
the brightness of *TT through specifically tunned aggregatlon By utilizing singlet fission and pentacene
as a model system, we provide insight not only into the 'TT formation mechanism relevant to singlet
fission applications (light harvesting, quantum information science), but more broadly provide
fundamental photophysical insight into how dark states can be populated in organic materials.
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Fig. 1. (a) Dlrect excitation of 'TT in pentacene-based systems. Direct photoexcitation of *TT relies on coherent
mixing of both *TT and S, with a charge resonance state. (b) Excited state quenching of [3]-cumulenes through
ultrafast structural relaxation. The excited state of cumulenes are typically short lived but can be enhanced only
through specific types of rigidification eventually useful for singlet fission applications.

Despite pentacenes’ abundant use as a model system in the singlet fission field, they suffer from poor

stability, weak absorption, and too low triplet energies. To expand the scope of materials useful for

singlet” fission and direct 'TT excitation which address these issues, we targeted a unique yet

understudied class of molecules. Cumulenes are molecules consisting of cumulative double bonds and

have predicted biradical character in the ground state as well as reasonable triplet energies — qualities

that make them attractive for singlet fission [3]. Unfortunately, the excited state lifetimes of cumulenes

are typically short and time resolved spectroscopic measurements remain scarce. We are able to

elucidate the excited state relaxation pathway in [3]-cumulenes through detailed transient absorption

spectroscopy and ultimately enhance their lifetime which will pave the way for subsequent applications

related to singlet fission [4].
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Giant dynamical magnetoelectric coupling in a

van der Waals multiferroic
F.Y.Gao', X. Peng', X. Cheng? E.V. Béstrom®, D.Kimli R.K. Jain*, D.Vishnu®, K.Raju“iR. Sankar*
S.-F. Lee“iM. A. Sentef®, T. Kurumaji’, X. Li*, P. Tang?, A. Rubio?, E.Baldini
The University of Texas at Austin, Austin, TX 78712, USA
2 Max Planck Institute for the Structure and Dynamics of Matter, 22761 Hamburg, Germany
% Universidad del Pais VVasco, 48940 Leioa, Spain
* Institute of Physics, Taipei 115201, Taiwan

® National Tsing Hua University, Hsinchu300044, Taiwan

® University of Bremen, 28359 Bremen, Germany
"California Institute of Technology, Pasadena, CA 91125, USA

Helical spin structures are expressions of magnetically induced chirality, entangling the dipolar and
magnetic orders in materials [1-4]. The recent discovery of helical van der Waals multiferroics down to
the ultrathin limit raises prospects of large chiral magnetoelectric correlations in two dimensions [5,6].
However, the exact nature and magnitude of these couplings have remained unknown so far. Here we
perform a precision measurement of the dynamical magnetoelectric coupling for an enantiopure domain
in an exfoliated flake of the van der Waals multiferroic Nil, (Fig. 1a) [7]. We evaluate this interaction in
resonance with a collective electromagnon mode, capturing the impact of its oscillations on the dipolar
and magnetic orders of the material with a suite of ultrafast optical probes (Fig. 1b).

a ie b

Fig. 1. a-The spin-spiral order of Nil, depicted on the
(001) plane with the in-plane component of the
propagation vector g;, and electric polarization P along
y. Also shown is the x,y,z coordinate system, where
y I/[010] and z J/[001]. Figure adapted from Ref. [7]. b-
Pictorial representation of chiral electromagnon
oscillations in Nil,. Credits: E. Baldini and Ella Maru
Studio.
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Our data show a giant natural optical activity at terahertz frequencies, characterized by quadrature
modulations between the electric polarization and magnetization components. First-principles
calculations further show that these chiral couplings originate from the synergy between the non-
collinear spin texture and relativistic spin—orbit interactions, resulting in substantial enhancements over
lattice-mediated effects. Our findings highlight the potential for intertwined orders to enable unique
functionalities in the 2D limit and pave the way for the development of van der Waals magnetoelectric
devices operating at terahertz speeds.
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Magnetic manipulation of electronic topology with chiral phonons
A. Baydin
Rice University, Houston TX 77025, USA

Chiral phonons arise in crystals with broken mirror symmetries. In a magnetic field, the circular motion
of lattice ions in a chiral phonon leads to a finite magnetic moment, even when the host material is
purely nonmagnetic. Further, via electron-lattice and spin-orbit interactions, chiral phonons are predicted
to induce novel topological phases of matter. To explore such hitherto unobserved phenomena, we
studied Pbi4SnsTe, which is a narrow-bandgap semiconductor that exhibits a topological phase
transition as a function of Sn composition, x — from a trivial insulator (x < 0.32) to a topological
crystalline insulator (x > 0.32). In addition, this material system possesses soft optical phonons (in the
terahertz frequency range) and exhibits ferroelectric instabilities. First, | will describe our observations
of novel magnetic phenomena associated with chiral phonons in PbTe [1]: magnetic circular dichroism,
a Zeeman splitting, and a diamagnetic shift. 1 will show that these observations result from magnetic
field-induced morphic changes in the crystal symmetries through the Lorentz force exerted on the lattice
ions. Fig. 1 (Left) depicts the schematic of the PbTe lattice with and without a magnetic field. When the
magnetic field is applied, the motion of ions becomes circular. Second, we observed phonon magnetic
moment values larger by two orders of magnitude for films in the topological crystalline insulator phase
than those in topologically trivial films [2]. Furthermore, the sign of the effective phonon g-factor was
opposite in the two phases.

@ H

Topology Chiral phonons

Fig. 1. Top: Schematic of the PbTe crystal structure with real space lattice displacements (a) without and (b) with
a magnetic field applied perpendicular to the lattice plane. Blue (red) spheres represent Te (Pb) ions [1].

Below: Schematic diagram illustrating the connection between the topology of the electronic band structure and
chiral phonons in Pby,Sn,Te [2].

As illustrated in Fig. 1 (Right), these results strongly hint at the interplay between the magnetic
properties of chiral phonons and the topology of the electronic band structure.
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Inverse chirality induced spin selectivity with

Terahertz emission spectroscopy
Y.Dong", A. McConnell?, D. Sun?, M.C. Beard
National Renewable Energy Laboratory; Golden, CO, 80401, USA
North Carolina State University; Raleigh, NC, 27695, USA

Chirality induced spin selectivity (CISS) represents a charge-to-spin conversion, whereby a charge
current induces a spin polarization. Most demonstrations and measurements of CISS involve
incorporating chiral molecules, semiconductors, or metals into ferromagnetic heterostructures and then
measuring the magnetoresistance (MR). Large spin polarized currents are measured using a magnetic
conductive AFM probe (mCP-AFM) [1], however macroscopic MR measurements yield small MR
response [2]. We have also demonstrated CISS where the polarization of light is measured as a reporter
of the spin-injection from a chiral perovskite semiconductor into a non-chiral I11-V light emitter
structure [3]. A non-contact method of evaluation CISS is desired. Here, we utlize THz emission
spectroscopy (TES) to measure the inverse CISS (ICISS) effect. ICISS is a spin-to-current process.
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Fig. 1. A magnetic field is applied out-of-plane and spin-current is generated in a FM in contact with the chiral
perovskite (c-HOIP labeled here).

A magnetic field is applied out-of-plane and spin-current is generated in a FM in contact with the chiral
perovskite (c-HOIP labeled here). The THz field generated is measured as a function of out-of-plane
angle rotation. When the field (B) or the chirality(C) is reversed the THz field is also reversed. That is
we find that ICISS produces a THz waveform for both up and down spins but the phase is 180° different
when either the chirality or the spin polarization changes. We describe our results in terms of a chiral
spin-splitting of the bands and discuss implications for CISS. We also distinguish between THz
emission due to ICISS and the inverse Rashba-Edelstein effect (IREE).
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Hybrid timescale pump-probe spectroscopy for Floguet engineering
C. A. Belvin
California Institute of Technology, Pasadena, CA 91125 USA

The time periodic electric field of light can coherently modify the Hamiltonian of a material, known as
Floquet engineering, potentially creating novel out-of-equilibrium many-body phases [1-3]. Recent
progress has been made experimentally in the coherent engineering of the electronic band structure in a
variety of solids [4-7]. However, it has been proposed theoretically that Floquet engineering can also
lead to collective reorganization of microscopic degrees of freedom, which has yet to be observed
experimentally. One example of particular interest is the ability to engineer spin interactions and realize
exotic magnetic phases [8-10]. In order to achieve this, the duration of the periodic Floquet drive must
be long enough for the spins to collectively reorganize, typically on the picosecond timescale, which is
in contrast to typical ultrafast spectroscopy Floquet experiments that rely on intense femtosecond laser
pulses. In this talk, I will describe our efforts to develop new experimental hybrid timescale techniques
that employ long pulse Floquet driving while simultaneously probing the response of the system on
ultrafast timescales. | will also discuss preliminary data on van der Waals magnets using this technique.
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Fig. 1. Left : Schematic of our hybrid timescale experimental approach involving long pulse (100 ps) driving and

short pulse (100 fs) probing. Right: Example transient reflectivity scan taken using this hybrid timescale
technique.

In this talk, I will describe our efforts to develop new experimental hybrid timescale techniques that
employ long pulse Floquet driving while simultaneously probing the response of the system on ultrafast
timescales. | will also discuss preliminary data on van der Waals magnets using this technique.
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Polaritons in plasmonic and laser heterostructures
R. Binder!, N.H. Kwong", M. Spotnitz®, J. R. Schaibley"
1University of Arizona, Tucson, AZ 85721, USA
%Sandia National Laboratories, Albuquerque, NM 87123, USA

Semiconductor structures, including bulk, quantum wells, two-dimensional (2D) layers, and
microcavities, support formation of exciton-polaritons, i.e., eigenmodes or quasi-particles composed of
excitons and light. Exciton polaritons can exist in 2D layers or semiconductor quantum wells (often
called quantum well polaritons or 2D-layer polaritons), at surfaces or interfaces (for example surface-
plasmon polaritons in the case of a planar interface between a metal and a dielectric), at surfaces with
adjacent 2D layers (for example exciton-surface-plasmon polaritons), and in microcavities (microcavity
polaritons). The fact that excitons in 2D semiconductors, such as various monolayer transition-metal
dichalcogenides (TMDs), e.g., MoSe; or WS, have very strong binding energies (on the order of 500
meV, as opposed to about 5 meV in bulk GaAs) makes them ideal candidates for strong light-matter
coupling and thus strong polaritonic effects, including, for example, a modification of the group velocity
or large changes in the effective mass. Exciton-polaritons ("polaritons” for short) can also provide
optical nonlinearities that may be exploited in communication network devices. Polaritons are always
open-pumped-dissipative systems, which means that non-trivial non-Hermitian effects can be possible.
The open-pumped-dissipative character also affects possible condensation phenomena, such as
formation of a Bose-Einstein condensate or a polaritonic Bardeen-Cooper-Schrieffer (BCS) state. While
exciton-polaritons can often be viewed as hybridized states combining two particles (exciton and
photon), with the exciton behaving like a point Boson (at least at low excitation densities), interesting
physical effects can also result from the fact that the exciton itself is a composite particle (comprising an
electron and a hole). This may not only lead to deviations from the bosonic nature but can enable non-
trivial effects like valley-dependent electron-hole (e-h) exchange interactions, which can affect optical
nonlinearities. In this talk, we review our recent research activities on the linear and nonlinear optical
properties of 2D semiconductors and semiconductor quantum wells in two geometries: plasmonic
heterostructure (i.e., monolayer in proximity to metal surface), and microcavities containing GaAs
quantum wells. The specific heterostructure design has a substantial influence on the exciton-polariton
characteristics, and enables design of specific target properties, such as strong ultrafast optical
nonlinearity [1] and strong reduction of group velocity [2], or strong modification (even qualitative
modification) of the polaritons' effective mass and related transport effects [3,4]. While part of the talk
will be on plasmonic devices that allow for ultrafast (sub-picosecond) modulations, we also discuss
recently obtained insights into the lasing properties of microcavity lasers, in particular GaAs quantum
well microcavity lasers [5-9].In this talk, we present a microscopic many-particle theory of polariton
lasers in the BCS regime with special emphasis on fluctuation modes. Their complex landscape includes
Goldstone modes, spectral continua, and quasi-Higgs modes (possibly at exceptional points) [6].
Experimental demonstration of a polariton laser operating in the BCS regime has been achieved [5] in
the group of Hui Deng, University of Michigan. For theoretical analysis of those experiments, we used a
microscopic many-particle theory to compute experimental observables such as emission frequency. We
have also studied linear response and fluctuation modes of the polariton laser, i.e. a driven-dissipative
guantum many-particle system prepared in a spontaneous broken-symmetry steady state, using optical
frequencies (interband transitions) [6] and terahertz frequencies (intraband transitions) [7,8].In the talk,
we focus mainly on the collective fluctuation modes (as opposed to the spectral continua), which emerge
as discrete eigenvalues from the diagonalization of the microscopic fluctuation matrix. An important
task is the classification of the collective modes. This turns out to be more complicated than the well-
known textbook classifications of Goldstone modes (phase modes) and Higgs mode (amplitude modes).
The reason is because (1) the electron-hole pairs, that take the role of Cooper pairs in superconductivity,
are not point bosons, but composite particles with an internal motion (or internal degree of freedom), (2)
the order-parameter consists not only of the electron-hole pairs but also the cavity light field, and (3) the
linear response/fluctuations involves not only the order parameter but also the charge carrier distribution
and density. The internal motion can be described by the electronic wave vector k, and for each wave vector
the interband polarization P(K) is part of the complex-valued order parameter. The linear response of each P (k)
and the laser field E can then be classified in terms phase and amplitude perturbations. We define a mode to be an
amplitude (phase) mode if all P(k) and the laser field E are amplitude (phase) modes. Additionally, we allow for
fluctuations of the carrier distribution function f (k) and the carrier density. Fig. 1 shows a schematic overview of
this scenario.
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In this work, we diagonalize the microscopic fluctuation matrix, which is obtained from linear
perturbations of the laser in steady-state. Discrete energy eigenstates of the fluctuation matrix
correspond to collective modes, and are analyzed in terms of their phase, amplitude and density
fluctuation characteristics. In Fig. 2 we show the results (here as means of the electronic wave vector)
for the right (R) and left (L) eigenvectors of the fluctuation matrix for 3 collective modes (Goldstone
mode Gy, Mollow-like mode M, and the mode To, which is a collective mode resulting from a THz
source). In the ratio x/R , the size of the amplitude response is denoted by R, the size of the phase
response (arc length) by a, and the size of the density response by f.
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Fig. 2 (a) Quantitative mode classification of three collective fluctuation modes shown in (b) of a polariton
microcavity laser. In (b), the fluctuation spectra (complex energy eigenvalues) are shown for the case of a THz
probe (left) and an optical probe  with frequency similar to the lasing frequency (right). In (a) the ratios of the
mean (i.e., average taken over the electronic wave  vector) phase, amplitude and density responses are plotted for
the three modes highlighted with green circles in (b). After [8].

Only in the case of Gy do we find one of those components to be dominant (hamely the phase response),
while in the other modes the phase, amplitude and density responses are of comparable magnitude,
hence ruling out pure Higgs modes. More details can be found in Ref. [8].
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A lightwave-electronics toolbox for quantum
M. Borsch', Z. Mi', R. Huber?, M. Kira"
! University ofMlchlgan Ann Arbor, M 48109, USA.
2 University of Regensburg, 93040 Regensburg, Germany.

Lightwave electronics utilizes optical-carrier waves of light as fast biasing fields to drive electronic
states and quantum coherences on femtosecond timescales and up to petahertz clock rates. We have
previously demonstrated a set of tools based on lightwave-electronic principles to reconstruct the band
structure of quantum materials [1], quantify dynamic many-body correlations with attosecond precision
[2], and switch the pseudospin of coherent excitations in valleytronic materials within a few
femtoseconds [3]. Here, we propose a new technique that adds the capability to probe the temporal
shape of lightwaves to the lightwave-electronics toolbox. Using the quantum-dynamic cluster expansion
[4], we quantitatively predict the lightwave-driven many-body dynamics of realistic quantum materials
to optimize the lightwave switching of valleytronic states. Under optimized conditions, we find an
intriguing frequency-comb-like emission regime when the valleytronic state is continually switched
back and forth. In this regime, the emitted light is highly sensitive to the driving field (Fig. 1 ¢ and d)
and precisely probes the lightwave itself.
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Fig. 1. Capabilities of the lightwave-electronics toolbox. a Reconstruction of the band structure of WSe,
monolayer based on harmonic-sideband intensities mapped as function of the field strength and frequency of the
generating lightwave. The reconstruction based on odd (top) and even (bottom) sideband orders is shown.

b.Direct measurement of the excitonic interaction strength [2] in a WSe, monolayer using the quasiparticle-
collider approach (inset, see Ref. [5] with attosecond resolution. A comparison between measured (dots) and
computed (black line) optimal excitation time At (relative to the lightwave) that maximizes HSB emission. The
optimal excitation time increases with the excitation density, consistent with longer excitation-collision
trajectories caused by weakened Coulombic interaction at increased excitation. ¢, d Sensitivity of valleytronic
combs to fluctuations of the lightwave. A continuous back-and-forth switching of the valleytronic state using a
sinusoidal lightwave (Panel c, shaded area) generates emission of equidistant frequency lines in the spectral
domain (Panel d, shaded area). A small change of 0.1% in the amplitude of the lightwave (Panel c, red line)
leads to changes of up to 5% in the spectral domain (Panel d, red line), demonstrating the high sensitivity of
valleytronic combs to electric-field fluctuations.

This sensitivity allows for the detection of time-dependent fluctuations of the electric field with high
accuracy, extending all the way to quantum tomography of lightwaves.We will present how this new
approach of quantum tomography can be applied to lightwaves in the THz-to-NIR domain and discuss
the new capabilities it adds to our lightwave-electronics toolbox.
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Time-resolved ARPES at the Advanced Laser Light Source (ALLS) user facility:

New insights into the ultrafast quenching of superconductivity in Bi-based cuprates
D. Armanno, J. M. Parent, F. Goto, A. Longa, G. Jargot, F. Légaré, N. Gauthier, F. Boschini
Institut National de la Recherche Scientifique, Varennes QC J3X 1S2, Canada

Time- and angle-resolved photoemission spectroscopy (TR-ARPES) is a powerful technique that
provides direct access to the light-induced ultrafast dynamics of the electronic band structure of quantum
materials with both momentum and energy resolutions [1]. When probing the transient response of long-
range condensates (e.g., superconductors), TR-ARPES studies have conventionally employed near-
infrared light excitation to drive ultrafast quenching of macroscopic condensates [1].

The TR-ARPES endstation at the Advanced Laser Light Source (ALLS) user facility provides mid-
infrared optical excitation capabilities (0.15-0.8 eV range) along with a 6 eV probe (soon to be upgraded
to >10 eV extreme ultraviolet via high harmonic generation) [2]. Furthermore, the ALLS TR-ARPES
endstation, although relying on low photon energy probe pulses, can map a large area in momentum
space by taking advantage of a new state-of-the-art hemispherical analyzer (ASTRAIOS 190, SPECS)
with single octupole deflector technology and sample bias [3].

Fig. 1la demonstrates the momentum mapping capabilities of our TR-ARPES system by showing the
Fermi surface mapping of optimally doped Bi2Sr2CaCu208+3 (Bi2212), a prototypical high-Tc cuprate
superconductor, where we prove the ability to reach up to ~85% of the antinodal (0,m) distance. Figure
1(b) shows that 300 meV pump excitation induces ultrafast filling of the superconducting gap, similar to
what has been reported for near-infrared excitation [4].

Fig. 1. (a) Fermi surface mapping of
optimally-doped Tc~91 K Bi2212. The solid
lines show the bonding and antibonding
bands. The dashed blue circle shows the
momentum space that can be accessed using
6 eV photons.

(b) Photoexcited Fermi surface (left) and
differential Fermi surface (right) at zero
pump-probe delay upon 300 meV excitation.

0.0

k, (T1/a)

I will discuss how mid-infrared light, with photon energy well below the charge transfer gap of Bi2212,
quenches the superconducting condensate over a wide momentum range. In addition, I will present
preliminary data on the normal state that lies beneath the superconducting dome when superconductivity
is quenched in an ultrafast fashion.
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Metastable dynamics and transport in type-11 InAs/AlAsSb

Quantum wells
H. P. Piyathilaka', R. Sooriyagoda’, V. R. Whiteside?, T, D. Mishima?, M. B. Santos’
I.'R. Sellers,® A. D. Bristow*
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Control of electronic, optical and thermal properties in semiconductor nanostructures allows for a wide
range of device design. This is particularly true for devices that require prolonged lifetimes of hot pho-
tocarriers to allow for higher charge separation and extraction yields. A type-11 InAs/InAsSb multiple
quantum wells (MQW:Ss) is explored for its potential as a prototype hot-carrier device [1] using tempera-
ture dependent transient absorption and AC photoconductivity in a single setup with a terahertz (THz)
probe pulse. The setup allows for non-destructive measurements of electronic and electron-lattice prop-
erties. The tunable optical pump can excite photocarriers at and above the bandgap of the MQW system.
At ~100 meV above the bandgap, transient absorption reveals a metastable excited state with a lifetime
of several picoseconds [2]. At low temperature and high excitation density, the dynamics in the metasta-
ble state results in strong Auger scattering. At lower excitation densities or higher lattice temperature,
the dynamics are dominated by radiative recombination. To suppress Auger scattering at higher tem-
peratures the band structure of the system transitions from Type-I-like to type-1I-like, with complicated
dynamics in intermediate temperatures that are defined by the filling of defect states at the interfaces of
the wells. This result is confirmed by measurements of the photocarrier mobility as a function of tem-
perature [3]. At higher temperatures, increases diffusion that will reduces the carrier density to values
required for Auger scattering. These result of the transient absorption and AC photoconductivity are
summarized in Fig. 1.
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These results illustrate that complete carrier dynamics and transport measurements are required to
separate the contributions to the cooling, recombination, and diffusion of carriers that can occur in spe-
cific device geometry.
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Indirect excitons in heterostructures
L.V. Butov
University of California San Diego, La Jolla, CA 92093

A spatially indirect exciton (IX), also known as an interlayer exciton, is a bound pair of an electron and
a hole confined in separated layers in a semiconductor heterostructure (HS). Due to their long lifetimes,
orders of magnitude longer than lifetimes of spatially direct excitons (DXs), IXs can thermalize below
the temperature of quantum degeneracy that gives an opportunity to create quantum excitonic states. We
present recent results in quantum IX systems: the Fermi-edge singularity due to the Cooper-pair-like
excitons [1] and the excitonic Bose polarons [2] in GaAs/AlGaAs HS and the long-range IX transport
[3] and the 1X mediated long-range spin transport in MoSe,/\WSe, HS [4].

The Fermi-edge singularity due to the Cooper-pair-like excitons [1]. In neutral dense electron-hole
systems at low temperatures, theory predicted Cooper-pair-like excitons at the Fermi energy. 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 intensity at the Fermi edge energy of the neutral
dense ultracold electron-hole system that demonstrates the emergence of an excitonic Fermi edge
singularity due to the formation of Cooper-pair-like excitons at the Fermi edge. Our measurements also
show 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]. Bose polarons are mobile impurities dressed by excitations of a
surrounding degenerate Bose gas. These many-body objects have been realized in ultracold atomic
gasses and become a subject of intensive studies. We found that Bose polarons are formed by DXs
immersed in degenerate Bose gases of IXs in electron-hole bilayers. We detected both attractive and
repulsive Bose polarons by measuring photoluminescence excitation spectra. We controlled the density
of IX Bose gas by optical excitation and observed an enhancement of the energy splitting between
attractive and repulsive Bose polarons with increasing 1X density, in agreement with our theoretical
calculations.

The long-range IX transport in TMD HS [3]. Long lifetimes of IXs allow implementing long-range
exciton transport. The van der Waals HS composed of atomically thin layers of transition-metal
dichalcogenides (TMD) offer the opportunity to explore 1Xs in moiré superlattices. 1X transport in TMD
HS was intensively studied and diffusive 1X transport with 1/e decay distances up to ~ 4 um was
realized in earlier studies. We found the IX long-range transport with 1/e decay distances reaching and
exceeding 100 um in a MoSe,/WSe; HS. The IX long-range transport vanishes at temperatures above
~10 K. With increasing 1X density, 1X localization followed by IX long-range transport and IX re-
entrant localization are observed. The non-monotonic dependence of IX transport on density is in
qualitative agreement with the Bose-Hubbard theory prediction for superfluid and insulating phases in
periodic potentials of moiré superlattices.

The IX mediated long-range spin transport in TMD HS [4]. The spin relaxation caused by scattering of
the particles carrying the spin, limits the spin transport. We explored 1Xs in van der Waals TMD HS as
spin carries. 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
observed the IX mediated long-distance spin transport with the decay distances reaching and exceeding
100 um. 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 the long-distance spin transport.
This mechanism of protection against the spin relaxation makes IXs a platform for the realization of
long-distance decay-less spin transport.
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Optical control of superconductivity in high-T¢ cuprates
M. Buzzi
Max Planck Institute for the Structure and Dynamics of Matter, 22761 Hamburg, Germany

Tailored optical excitation in certain high-T, cuprates has been shown to induce superconducting-like
interlayer coherence at temperatures far above T, as evidenced by the terahertz-frequency optical
properties in the nonequilibrium state [1,2]. In this talk I will discuss our latest experiments in the field
of optical control of superconductivity in YBa,Cu3Os.x, Which have led to considerable advances both in
optimizing the nonequilibrium state and understanding its nature. In the first part of the talk, I will
discuss how the enhancement of the “superfluid density” wo2, and the dissipative response of
quasiparticles, o1, can be optimized by systematically tuning the duration and energy of the mid-infrared
excitation pulse while keeping the peak field fixed [3]. We found that the photoinduced wo, saturates to
the zero-temperature equilibrium value for pulses made longer than the phonon dephasing time, while
the dissipative component continues to grow with increasing pulse duration. This finding suggests that
superfluid and dissipation remain uncoupled as long as the drive is on, enabling the identification of an
optimal regime of pump pulse durations for which the superconducting-like response is maximum and
dissipation is minimized.l will then discuss whether these out-of-equilibrium superconducting-like states
also show a dynamical diamagnetic response, beyond the documented transient optical conductivities.
To this end, we have developed a novel, ultrafast optical magnetometry technique to measure changes in
the magnetic field in the vicinity of a YBa,Cu3Og 45 Sample with ~1 uT sensitivity and sub-picosecond
time resolution (Fig. 1).

Enhancement (T>Tc) _ - _
Fig. 1. Magnetic field expulsion
after phonon excitation in
YBa,Cu30g.45. Schematic of the
experiment. A thin Al,O; crystal
is placed on top and next to the
exposed side of the GaP (100)
detection crystal to completely
Simulated magnetic field reflect the 15 pm pump and
prevent it from generating a
spurious  non-linear  optical
response in the GaP (100) crystal.
The thin AlL,O; crystal also
creates a well-defined edge in the
mid infrared pump beam, shaping
the photo-excited region into a
half disc of ~ 375 um diameter.
The expected changes due to
magnetic field expulsion upon
photo-excitation are shown in the
magnified area on the right. The
time dependent magnetic field is
sampled positioning the probe
beam in the vicinity of the edge of
the photo-excited region.
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We provide evidence that, under the same excitation conditions that generate a transient
superconducting-like state in this material, a prompt expulsion of a statically applied magnetic field
ensues, a response indicative of the appearance of an ultrafast Meissner effect [4].
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Efficient high-order harmonic generation from novel

van der Waals crystals and heterostructures
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Recent research into two-dimensional (2D) van der Waals materials has provided a novel platform to
realize size reduction, enhanced efficiency, and new capabilities in next-generation nonlinear optic and
optoelectronic devices. Metal thio- and seleno-phosphates (MXPs) are a class of 2D materials that
possess outstanding magnetic, ferroelectric, and nonlinear optical properties suited for new device
architectures [1]. Copper indium thiophosphate (CIPS, CulnP,Sg) is one exemplary material that belongs
to the MXPs family. CIPS, when synthesized with Cu deficiencies (i.e. CuixIni.x3P2Ss) segregates into
self-assembled heterostructures of CIPS and IPS (IngsP2Sg) within the same crystal. CIPS and Cu-
deficient CIPS have previously been reported to have extraordinary second- and third-order nonlinear
optical properties [2]. Exfoliated CIPS crystals under the influence of strain has been found to exhibit a
~160-fold increase in the efficiency of second harmonic aeneration (SHG) compared to an unstrained
sample [31.Here, we investigate high-order harmonic aeneration (HHG) from bulk and exfoliated MXP
crystals (CIPS, IPS, and Cu-deficient CIPS, Fia. 1a) usina femtosecond mid-infrared laser pulses and
infer that their extraordinary nonlinear properties carry over also to the hiah-order nonlinear response.
We observe hiah conversion efficiency in the HHG emission from Cu-deficient CIPS in comparison to
both pure CIPS and IPS, with hiaher conversion efficiency from the exfoliated samples in comparison to
bulk crystals. Interestinaly, we observe perturbative scalina of the HHG in all samples (Fia. 1b),
suaaesting that the efficient harmonic generation oriainates from the extraordinary nonlinear optical
properties of the crystal, rather than nonperturbative strong-field physics.
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In addition to the above experimental studies, we perform first-principles studies of HHG to uncover the
origins of the extraordinary high-order nonlinear optical response from CIPS and Cu-deficient CIPS
using time-dependent density functional theory and dynamical mean-field theory. Our calculations
suggest that both electron-electron correlations and strain in the CIPS/IPS heterostructures of Cu-
deficient CIPS play important roles.
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Ultrafast and cavity electrodynamical control of

Optical nonlinearities in quantum materials
M. Claassen
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Quantum control, the on-demand coherent manipulation of a macroscopic quantum system, is one of the
defining challenges of modern physics. In solid-state settings, ultrafast pump-probe experiments have enabled
the selective manipulation of quantum states in quantum materials, while recent advances in cavity quantum
electrodynamics promise to extend quantum-optical protocols to correlated electron systems. In this talk, 1 will
discuss how classical and quantum optical nonlinearities can provide a particularly useful window into the
nature of quantum states in materials which are far from thermal equilibrium and strongly dressed by light.
First, 1 will describe recent experimental and theoretical work showing that driving the one-dimensional Mott
insulator Sr,CuO3; with a MIR pump can transiently Floquet engineer the wave functions of Mott-Hubbard
excitons, leading to an ultrafast and controllable renormalization of the third-order nonlinear optical response
[1]. The effect is rooted in a near-degeneracy between parity-even and parity-odd holon-doublon excitonic
bound states, which are coupled via the pump field to realize quantum control of the final states for third-
harmonic generation. | will then describe how ultrafast light pulses can tip the balance between different
pairing symmetries in conventional s-wave superconductors with closely competing odd-parity spin-triplet
pairing instabilities [2]. Such systems can host a Bardasis-Schrieffer mode associated with odd-parity order
parameter oscillations, which upon strong excitation with light can trap the system in a metastable triplet
superconducting state. The coupling of photons to odd-parity pairing fluctuations is a purely quantum-
geometric quantity of the Fermi surface, serving as a guiding principle for ultrafast control.
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Finally, I will discuss how the strong light-matter coupling regime of quantum materials placed inside optical
cavities can be interrogated via second-order photon coherence measurements of light transmitted through the
cavity [3]. I will describe how coupling a Mott insulator to cavity photons can manipulate magnetic exchange
interactions to realize a photon blockade regime for transmitted light, if the magnetic state in the material is
near a quantum critical point. Here, measurements of g® are predicted to exhibit strong antibunching for
transmitted photons, constituting a key signature of cavity quantum-electrodynamical control of the magnetic
phase.
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Control of electron-phonon coupling in perovskite nanocrystals
L. Dai?, N.C. Greenham*
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Understandina and control of ultrafast non-equilibrium processes in semiconductors is crucial for
makina use of quantum states, openina opportunities to surpass traditional limits in optoelectronic
devices for energy harvesting, light emission, and quantum technologies. In this paper, we first
demonstrate our work in slowing down hot carrier relaxation through strategies involving electronic
structure management, phonon structure management, and decoupling carriers from defects. These
approaches effectively engineer carrier-phonon, phonon-phonon, and carrier-carrier (defect)
interactions. Subsequently, we demonstrate the alignment of the transition dipole moment in self-
assembled nanoplatelets, resulting in polarised electroluminescence with a high degree of polarization
comparable to single nanocrystals. First of all, we introduce new perovskite nanocrystals,
formamidinium tin iodide nanocrystals (FASnI3 NCs), where quantum confinement significantly
influences the electronic structure. The evolution in electronic structure from a continuous band
structure to separate energy states is directly observed with decreasing nanocrystal size. The appearance
of separate energy levels slows down the cooling of hot carriers by two orders of magnitude at low
injected carrier densities. We attribute the slowed carrier cooling to a phonon bottleneck effect, where
the discrete energy level structure effectively suppresses carrier cooling by optical phonon emission,
leading to significant enhancement in cooling time. Importantly, this slow coolina is observed in the
limit of low-intensity illumination, makina it practically relevant. In addition to manipulatina the
electronic band structure, we demonstrate the manaaement of the phonon band structure by introducina
tin into lead halide perovskites. Increasina the tin content leads to screened Fréhlich interaction,
suppressed Klemens decay, and reduced thermal conductivity (acoustic phonon transport), contributing
to slowed relaxation mediated by the hot phonon bottleneck effect. To further control ultrafast non-
equilibrium processes on a timescale of tens to hundreds of femtoseconds, we decouple hot carriers from
sub-bandgap defects via sodium doping, resulting in a decreased energy loss rate during the
thermalisation process. The control over non-equilibrium electron dynamics we achieved offers new
insights into the intrinsic photophysics of perovskite nanocrystals, with direct implications for hot carrier
solar cells. In addition to adjusting the electronic and phonon structures, we also achieve the modulation
of exciton fine structure, along with the precise alignment of the transition dipole moment in self-
assembled nanoplatelets. This results in a substantial number of excitons recombining at a specific
energy level within the triplet manifold with minimal relaxation to other triplet states, leading to
polarised electroluminescence with a high degree of polarisation approaching that of single nanocrystals.
Our approach addresses the critical challenge of translating the high degree of polarisation found in
photo-excited individual nanocrystals to an electrically driven film level, opening up a new frontier for
enabling spin-related technologies through precise control of dynamics at the fine-structure level.
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Ultrafast imaging of polariton propagation and nonlinear optics in

Semiconductor microcavities
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When excitonic systems such as van der Waals semiconductors are embedded in photonic cavities,
excitons and photons can hybridize to form part-light part-matter eigenstates known as exciton-
polaritons. Polaritons are in the vanguard of current interest as observations indicate their propensity for
dramatically enhancing energy harvesting, nonlinear optical interactions, and even chemical selectivity
by combining strong matter-like interactions with light-like long-range delocalization. We have
developed unique ultrafast optical imaging approaches to track polariton transport with femtosecond and
few-nanometer spatiotemporal resolution and with momentum selectivity (Fig. 1a). First, | will describe
how we have leveraged this approach to provide detailed microscopic insight on polariton transport in
the presence of finite disorder (Fig. 1b). Specifically, we have shown that polaritons can undergo a
coherent to incoherent crossover, resulting in a switch from ballistic to diffusive transport [1]. The
degree of polariton coherence depends sensitively on the strength of underlying exciton-phonon
interactions. These results reveal that polaritons do not necessarily propagate at the group velocity
inferred by their dispersion, due to finite exciton-mediated interactions with the material lattice.
Polaritons thus act as sensitive reporters of underlying disorder, and tuning the latter allows controlling
polariton properties towards specific applications. Second, | will show striking data directly visualizing
light propagation and harmonic conversion within waveguides of the highly nonlinear material 3R-MoS;
(Fig. 1c) [2]. This approach allows us to directly extract the phase-matching angle, waveguide mode
profile and losses without any a priori knowledge of material properties.
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Fig. 1. (a) Schematic for momentum-resolved ultrafast scattering microscopy. (b) Imaging exciton and exciton-
polariton transport in semiconductor microcavities. (c) Imaging fundamental and second harmonic waves in
semiconductor waveguides.

We use this approach to achieve birefringent phase-matched second harmonic generation in multimode
waveguides, and polariton-assisted modal phase-matching in single-mode waveguides of 3R-MoS; for
highly efficient nonlinear optical conversion.
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The nonlinear dynamics of collective excitations offer both intriguing fundamental phenomena and
significant practical applications. A prime illustration is the field of nonlinear optics, where diverse
frequency mixing processes are central to advancing photonic technology [2]. Demonstration of these
frequency mixing processes in magnons holds considerable potential for practical applications in magnonics
[3], an emerging frontier of spintronics and an important platform for developing quantum transducers [4]
and wave-based computing [5] beyond traditional paradigms. While perturbative nonlinear interactions in
magnons have been shown [6,7], the non-perturbative regime of magnon nonlinearity has only been accessed
under very specifically engineered circumstances [8]. Further, coupling of these nonlinear magnons to a
semiconductor exciton, which would greatly extend the feasibility of nonlinear magnonics in hybrid quantum
systems [9], has never been demonstrated to our knowledge

Fig. 1. Coupling of excitons and nonlinear magnons in CrSBr. [1]:
a- Crystal structure of CrSBr with two distinct spin orientations
corresponding to distinct phases in the optical magnon precession.
_ . 6, denotes the angle between the in-plane magnetic field and the
At ot AT : Frotuonsy (60 : intermediate magnetic axis a. Black dashed ovals illustrate the
i delocalization of the exciton wavefunction, ¥, at two different points
in the spin wave where pump and probe pulses excite and measure the
system at some delay, t. b- Fourier transform of the transient optical
reflectivity from thin CrSBr at u,H = 0.45 T. c- Power dependence of
the amplitudes of the fundamental (w,) and second harmonic (2w,)
0 & magnon modes measured at y,H =~ 0.35 T. The magnetic field is
X 0 sl 4o applied along the a crystal axis for the data in (b-c).
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In this talk, I will present an extension to our previous works [10-11] on the van der Waals semiconducting
magnet CrSBr that extends the exciton-magnon coupling into the nonlinear magnon regime. 1 will show how
we can employ transient optical reflectivity to probe the exciton resonance and its magnon-modulated
frequency shift (Fig. 1a), providing access to magnon sidebands in the frequency domain. In the resulting
magnon spectra, we see replicas of the fundamental magnon sideband at integer multiples of the magnon
frequency (Fig 1b,c) produced by nonlinear magnons. | will then show how we can leverage a symmetry-
breaking magnetic field to couple the two distinct magnon modes, inducing the appearance of sum- and
difference-frequency generation (SFG & DFG) of the magnon modes in our spectra. Further, by selecting a
field orientation that brings the DFG mode into resonance with one of the fundamental modes, 1 will show
how we can induce parametric magnon amplification. Finally, | will demonstrate that we can enter the non-
perturbative nonlinear magnon regime by presenting results that show high harmonic magnon generation
spanning over 20 harmonic orders of exciton-coupled magnons.These results show that CrSBr is an excellent
candidate system for exploring the fundamental nonlinear physics of magnons. Further, they provide a path
forward to implementing nonlinear magnonics into hybrid quantum systems by leveraging the coupling
between magnons and excitons in CrSBr.
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How nonlinearity distorts the evidence for

Photoinduced superconductivity
J. S. Dodge, L. Lopez, D.G. Sahota
Simon Fraser University, Burnaby, BC V5A 1S6, Canada

We recently identified a large systematic error that corrupts the evidence for photoinduced
superconductivity in K3Cg [1]. Most of this evidence has come from time-resolved terahertz (TR-THz)
spectroscopy, which is sensitive to the nonequilibrium electrodynamic response of materials at the
relevant frequencies and timescales [2-5]. 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 Ao(w;z), which typically is not known
independently. We showed 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. When we correct for this distortion, we obtain nonequilibrium conductivity spectra that are
qualitatively different from those originally reported.
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The spectra gy, f(w; P.,p,) reported by Budden et al. [4] and by Buzzi et al. [5] are
shown as open circles in panels (a,c) and (b,d), respectively. The corrected spectra
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The corrected results are consistent with a model in which photoexcitation enhances the carrier mobility
but does not produce superconductivity. We have evidence that this effect compromises all previous TR-
THz evidence for photoinduced superconductivity, not just in KsCg. More recent results provide
additional support for our The corrected results are consistent with a model in which photoexcitation
enhances the carrier mobility but does not produce superconductivity. We have evidence that this effect
compromises all previous TR-THz evidence for photoinduced superconductivity, not just in K3Ceo.
More recent results provide additional support for our reinterpretation [6-8].
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Nanoscale confinement of dynamical spin textures
H. A. Durr
Uppsala University, 75 120 Uppsala, Sweden

Light-matter interaction at the nanoscale in magnetic alloys and heterostructures is a topic of intense
research in view of potential applications in high-density magnetic recording. Future magnetic data
storage media will require magnetic nanoparticles with stable ferromagnetic order at diameters of only
10 nm and smaller [1]. In this respect, granular thin films of the L1,-ordered phase of FePt displaying
perpendicular magnetic anisotropy are one of the most suitable storage media. The FePt nanoparticles
composing such granular materials remain ferromagnetic resulting from the strong magneto-crystalline
anisotropy needed to overcome the superparamagnetic limit. However, an unwanted byproduct is the
large magnetic field required to reverse the nanoparticle magnetization. Applications strive to reduce the
magnetic switching field by locally heating the nanoparticles above their Curie temperature with a laser
to thermally assist the switching, a technique known as heat-assisted magnetic recording. Nanoparticle
assemblies also provide a unique platform for understanding light-matter interactions at nanoscale
dimensions. For instance, the well-established magnetoresistance in FePt leads to a strongly anisotropic
lattice expansion on the few-ps timescale [2]. The complex dielectric response of nanoparticle
assemblies to optical laser illumination can lead cause certain nanoparticles to be in the “shadow” of
their neighbors, i.e. they behave as if optical excitation is practically nonexistent [3]. Here we show that
quenching of the FePt ferromagnetic order following fs laser excitation leads to the formation of
magnetic spin textures close to their ultimate size limit given by the magnetic exchange length [4]. The
situation resembles the generation of magnetic spin-wave solitons using the current-driven spin torque
generated by magnetic nanocontacts [5]. Time-resolved x-ray scattering provides access to the
characteristic frequency content of spin-wave solitons perimeter shown in Fig. 1, presence of a chiral
exchange interaction.
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Varying the FePt nanoparticle size allows us to separate the scattering from the solitons and the
nanoparticles. The spin-wave soliton generation process at the perimeter of FePt nanoparticles offers the
exciting prospect for the formation of topologically protected spin textures as so far only observed in the
presence of a chiral exchange interaction.
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Transient chirality induced by nonlinear phononics
Z. Zeng', M. Forst!, M. Bu22| E. Amuah?, C. Putzke®, PJW Moll*
D. Prabhakaran P.G. Radaelli®, A. Cavalleri
'Max Planck Instltute for the Structure and Dynamics of Matter, 22761 Hamburg, Germany
2University of Oxford, Oxford OX1 3PU, United Kingdom

Optically induced functional phenomena in condensed matter are rare, as they 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 material, because it requires that all
mirrors and all roto-inversions be simultaneously broken. On the other hand, chirality is also 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 piezoelectric material 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.
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Fig. 1: Sketch of the nonlinear phononic interaction used to induce the chiral state. () A mid-infrared pump electric field
polarized along the a axis induces coherent oscillations of the mode ¢- . about its equilibrium position. A positive transient
displacement along the coordinates Qg of a B-symmetry mode is indiced via anharmonic phonon coupling, driving the
system into the non-equilibrium chiral state with left handedness. (b) Exciting the doubly generate E-symmetry phonon along
the b axis induces coherent oscillations of the ¢, mode about its equilibrium position. In this case, a negative transient
displacement is induced along the Qg mode coordinates, driving the system into a chiral state with right handedness.

The rotary power of the transient photo-induced chiral phases found experimentally is comparable to the
static value of prototypical chiral a-quartz, limited by the strength of the strength of the mid-infrared
excitation pulse.
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Nonequilibrium dynamics of an interacting binary disordered alloy after

Interaction quench
H. F. Fotso
SUNY at Buffalo, Buffalo, New York 14260, USA

We use our recently introduced nonequilibrium DMFT+CPA [1, 2] to investigate the nonequilibrium
dynamics of a binary disordered alloy featuring a strong interaction, when the system is subjected to an
interaction quench. The method combines the capacities of DMFT (dynamical mean field theory) to
treat strongly correlated systems [3,4] and the capacity of the CPA (coherent potential approximation) to
treat disordered systems [5,6], to effectively address the interplay of disorder and interaction for the
nonequilibrium system. In the present studies, the system is described by the Anderson-Hubbard model
describing itinerant electrons on a lattice with finite hopping between nearest neighboring sites, with a
Coulomb interaction U between electrons of opposite spins occupying the same site, and a random site-
dependent energy Vi. This random onsite energy is characterized by a disorder strength W defined by the
distribution of V; Values. In earlier work, we examined the so-called “box” disorder where V;’s follow a
uniform distribution between -W and +W. Here, we focus on the case of a disordered binary alloy where
Vi’s can take, with an equal probability, two possible values, -W and +W. We first apply our time
domain approach to the equilibrium problem, evaluating the density of states as a function of interaction
and disorder strengths. Unlike the uniform disorder where as expected from CPA, increased disorder
merely results in the broadening of the density of states, we show that for binary disorder, increased
disorder leads to a gaped density of states. This transition with disorder strength is pushed to stronger
disorder when the interaction is increased. Similarly, the Mott insulator transition is pushed to stronger
interaction strength by increased disorder. Next, we analyze the nonequilibrium dynamics via the
relaxation of the kinetic, potential and total energy of the isolated system as a function of time, when the
interaction strength is abruptly changed at a given time, from U;=0 to a finite constant value U,= U> 0.
For weak interaction and disorder, the nonequilibrium dynamics shows an evolution with similarities
with that of the “box” disorder. However, clear differences emerge when the disorder strength
approaches the threshold of the disorder gap. Altogether, the results illustrate the nontrivial interplay
between disorder and interaction for a binary alloy. Fig. 1 illustrates the equilibrium problem, and Fig. 2
presents some results obtained from our nonequilibrium DMFT+CPA solution.
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Altogether, the results illustrate the nontrivial interplay between disorder and interaction for a binary
alloy.
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Near perfect conductor dynamics near the transition from single to double
well potentials in electron-phonon driven

Charge-density-wave materials driven by femtosecond pumps
J.K. Freericks', M. Petrovic', M. Weber?
'Georgetown University, Washington, DC 20057 USA
Max Planck Institute for the Physics of Complex Systems, 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.
(a)

Tty Fig. 1. Schematic of the two studied models: the Holstein
equilibrium and the SSH model. The blue bars in the upper panel in (a)
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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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Fig. 2. Time evolution of the first phonon 0.5 w 0.1 F (e)
coordinate in the Holstein model (a), its =J 0.0 0.0
speed (b), the force acting on it (c), and the —o5F ek, ..
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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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Strongly correlated materials exhibiting coupling between degrees of freedom such as charge, spin, and
lattice, are the focus of materials research. Understanding the mechanisms underlying these emergent
phenomena is critical to manipulating material properties for development of new technologies.
Antiferromagnetic materials are of particular interest in spintronics, given their terahertz characteristic
switching frequency. The possibilities of optically manipulating magnetization without applied
magnetic fields have attracted growing attention over the last twenty years. There are further
opportunities for ultrafast control in strongly correlated systems where the coupling between spin,
charge, and lattice degrees of freedom results in the emergence of complex order such as
antiferromagnetism and density wave systems.Chromium is one example of a strongly correlated
material with coupling of spin, charge, and lattice. It is an incommensurate spin density wave (SDW)
antiferromagnet that exhibits a charge density wave (CDW) and periodic lattice distortion (PLD) as a
second harmonic of its spin density wave (SDW) below its Néel temperature of 311 K [1]. In this talk |
will describe recent experiments probing the ultrafast coupling and control of the SDW and CDW
dynamics in response to photoexcitation pumps probed by an X-ray free-electron laser (XFEL) [2-7].
We find that ultrafast suppression of the SDW order converts the static CDW into a dynamic coherent
phonon where the amplitude can be further controlled by secondary optical pulses. We show critical
slowing of the recovery of the ordering near phase transition temperatures of the SDW/CDW order.
These results suggest new avenues for manipulating and researching the behavior of photoexcited states
in charge and spin order systems out of equilibrium. A thin film of Cr was deposited by magnetron
sputtering on to a single-crystal MgO (001) substrate. X-ray diffraction and x-ray reflectivity
measurements confirm (001) growth out-of-plane and a film thickness of about 28-nm. X-ray diffraction
made at the Advanced Photon Source show Laue fringes around the (002) Bragg peak, with CDW
satellite peaks aligned to specific fringes, indicating a half-integer number of CDW/PLD periods
between the film interfaces (Fig. 1). As the film is cooled below the Néel temperature of around ~300 K,
the satellite peaks appear on the seventh fringe, indicating 7.5 CDW periods in the film. There is a
hysteretic region between 210 K and 245 K in which, as the film cools, the satellite peak disappears
from the seventh fringe and appears on the eighth fringe, indicating a transition in which spins and
charge reorient such that there are 85 CDW periods in the film. Time-resolved measurements
diffraction measurements were conducted at the XPP instrument at the Linac Coherent Light Source x-
ray free-electron laser at SLAC National Laboratory. The film was excited by 800 nm optical pulses of
duration 45 fs at three fluences at initial sample temperatures ranging from 130 K to 300 K. X-ray pulses
of energy 8.9 keV and duration 15 fs were used to measure the time-resolved x-ray diffraction response
of some of the Laue fringes to a maximum time delay of 400 ns to track the position and intensity of the
satellite peak as shown in Fig. 1. Initial results demonstrate that moderate ultrafast photoexcitation can
transiently enhance the CDW amplitude by up to 30% above its equilibrium value, while strong
excitations lead to an oscillating, large-amplitude CDW state that persists above the equilibrium
transition temperature. Both effects result from dynamic electron-phonon interactions, providing an
efficient mechanism to selectively transform a broad excitation of the electronic order into a well-
defined, long-lived coherent lattice vibration. This mechanism may be exploited to transiently enhance
order parameters in other systems with coupled degrees of freedom. We extended this results to combine
double photoexcitation with XFEL probe to control and detect the lifetime and magnitude of the
intermediate vibrational state near the critical point of the SDW in chromium. We apply Landau theory
to identify the mechanism of control as a repeated partial quench and sub picosecond recovery of the
SDW. Our results showcase the capabilities to influence and monitor quantum states by combining
multiple optical photoexcitation with an XFEL probe. Finally, we explored the long-time recovery. At
temperatures far below the hysteretic phase transition, the recovery of both fringe intensities proceeds as
expected based on thermal recovery on the order of 10 ns and the expected temperature dependence of
the ordering parameter.
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Fig. 1. Left : Static x-ray diffraction data. (a) Schematic real space representation of the atomic positions in Cr in
the presence of a CDW. The corresponding charge density modulation with the CDW amplitude 4 and the scattering
geometry are also shown. (b) The potential energy surface for the CDW amplitude 4. In the low-temperature ground
state, the potential energy surface is shifted towards a nonvanishing value due to the electron-phonon (ep) coupling.
(c) X-ray diffraction from a Cr thin film recorded with synchrotron radiation around the (002) Bragg peak (in
photons per second) measured at a film temperature of 115 K. The intensity is increased (reduced) at the positions
of the CDW satellites for Iow (high) ¢ values (indicated by arrows). Insets: Diffraction patterns (Iinear scale)

fluences (incident, » polarlzatlon) (b) The black and red lines show the normallzed transient intensity differences.
From Ref. 3.
As the ground state temperature approaches the phase transitions, however, the time scales of recovery
significantly lengthen, such that the ground state is not reached even at the maximum delay time of 400
ns as shown in Fig. 2. Similar results were found for different laser fluences, where the intensities of the
fringes changed but the time scales for recovery depend solely on the ground state temperature. We
extend the existing formalism for Landau modeling of SDW/CDW systems to include the boundary
conditions imposed by the thin film geometry. The resulting model of the free energy surface is shown
in Fig. 2. We reproduce the temperature dependence of the energy barrier shown in Fig. 2(left) with the
solid lines.
T Fig. 2. Left : (a) Time constants
- 7 _slow (solid data points) and
7_fast (open data points) for the
recovery of CDW order to its
initial state from a double
exponential fit. Fits were made to
the time-dependent CDwW
amplitude on fringe 8 below the
transition (purple) and fringe 7
above the transition (blue). (b)
Energy barrier calculated from
©_slow for the transition from
NCDW = 7.5 to 8.5 (purple data
points) or from from NCDW = 6.5 to 7.5 CDW (blue data points). The solid lines are the energy barriers calculated for
both transitions from the Landau free energy model with added boundary pinning terms. Fitting constants and energy
barriers are includedfor data at laser fluences 4.2 mJ/cm2 (diamonds), 7.4 mJ/cm2 (circles), and 9.2 mJd/icm2
(triangles). Right : Landau free-energy F(q,T) model of the CDW wavevector for a Cr film. Dashed lines show the potential
for the wavevectors corresponding to 9.5, 8.5, 7.5, and 6.5 CDW periods in the film. From Ref. 7
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Thus, we have assessed the energy of the system through the time domain.
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Probing charge carrier dynamics in 2D transition metal dichalcogenides with

Terahertz emission spectroscopy
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The discovery of monolayer (ML) group-VI transition metal dichalcogenide (TMD) semiconductors in 2010
[1,2] sparked a rapidly growing field for engineered photonic materials. This class of low-dimensional
materials are an ideal platform for multiple applications in electronics, optoelectronics, and valleytronics [3,
4], as well as for field-effect-transistor based systems [5] or quantum emitters [6]. The most outstanding
features of 2D TMDs are the sizeable band gap, large exciton binding energy, and controllable interlayer
coupling in heterostructure devices, which can be adjusted through doping, strain, external fields or by the
stacking formations of van der Waals (vdW) materials. Yet, potential applications require a detailed
comprehension for the temporal evolution of exciton formation and dissociation, interfacial charge transfer,
and nonlinear polarization in symmetry-broken materials. This is particularly true for electronic and
optoelectronic devices such as transistors, photodetectors, or solar cells, wherein charge carrier dynamics at
the metal-semiconductor interface largely determine the functionality of the device. Most commonly, time-
resolved exciton dynamics are studied with transient absorption measurements [7] or second harmonic (SH)
generation spectroscopy [8], requiring detailed spectroscopic signatures of the involved material and
elaborate interpretation of possible relaxation channels. In contrast, time-domain terahertz (THz) emission
spectroscopy (TES) provides a direct method to probe a transient photo-current by recording the emitted THz
radiation following ultrafast laser excitation. A schematic THz emission spectroscopy setup and recorded
THz waveform is shown in Fig. 1a for charge transfer from a TMD monolayer (ML) to a metallic bulk
material. Sampling the time variation and polarization of the radiated electric field provide a contact free,
quantitative method for determining the magnitude, directionality, and temporal variation of the transient
current density, which permits to directly study charge carrier dynamics, nonlinear susceptibility, structure

symmetry, carrier diffusion, surface depletion, and many more.

(a) (d)
THz

Fig.1 (a) Schematic of THz emission from a
TMD-bulk interface following excitation with
a 400 nm femtosecond pulse. (b) Emitted THz
waveform (red) exhibiting opposite polarity
compared to THz emission from InSb (blue),
suggesting hole transfer from WS, to Au. (c)
WS, monolayers on a fused silica substrate
before and after excitation with a 400 nm
pulse under ambient conditions. (d)
llustration of THz emission from a TMD
heterostructure due to interfacial charge
transfer between the constituent monolayers
[9]. (e) Frequency down- and up-conversion
in a TMD Janus material caused by the
broken spatial symmetry [10].
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In this talk, | want to review recent efforts of our group on THz emission spectroscopy on 2D materials by
recording interfacial currents in TMD heterostructures [9], attributed to a transient current flow due to charge
carrier separation between the constituent monolayers (see Fig. 1d), and THz emission due to optical
rectification as a result of a large second-order optical nonlinearity enabled by strong inversion symmetry
breaking in the Janus topological semiconductor 1T MoSSe [10] (Fig. 1e), respectively. Finally, 1 will
present our recent results on probing photo-induced degradation in WS, monolayers by THz emission
spectroscopy. Because many 2D materials with atomic-scale thickness suffer from oxidation and degradation
effects under ambient conditions, which hampers their practical applications, it is necessary to further
investigate potential protection strategies for large scale 2D materials. Instead of encapsulating WS, MLs
with a preservative hBN coating, which is limited in its scalability, in this work, we exploit Au substrates to
prevent photo-induced degradation in the 2D TMD material and probe the surface properties as well as
charge carrier dynamics with THz emission spectroscopy. In the case of WS, MLs on a fused silica substrate,
THz emission can be attributed to resonant optical rectification when the sample is excited above the electronic
band gap with a 400 nm (3.09 eV) wavelength laser pulse. However, while the emitted THz field is stable
under a dry nitrogen environment, the THz signal vanishes under ambient conditions within minutes and
obvious optical damage of the sample is visible under the microscope (see Fig. 1c). In contrast, in the case of
WS, on a gold substrate, the THz signal remains stable under ambient conditions, and no optical damage can
be observed. Moreover, pump polarization studies indicate that THz radiation is due to interfacial charge



transfer from the TMD monolayer to the metallic substrate. Comparing the polarity of the generated THz
pulse from the semiconductor-metal interface with a reference InSb sample (see Fig. 1b), for which the THz
signal is ascribed to the Photo-Dember effect, we conclude that the interfacial current flow is dominated by
hole transfer from the WS, ML to the Au substrate. We hypothesize that the enhanced stability of WS,
monolayer on the gold substrate is due to quenching of the photoexcited carriers through nonradiative
recombination in the gold substrate and thus, the number of excited carriers available for chemical reaction at
the surface is greatly reduced. The ongoing studies demonstrate the capability of THz emission spectroscopy
to unravel ultrafast processes and suggest an effective strategy to enhance the durability of TMD-based
devices by using metallic substrates.

References

1] K. F. Mak, C. Lee. J.Hone. J.Shan. T.F. Heinz. Phvsical Review Letters 105, 136805 (2010).

2] A. Splendiani. L. Sun. Y.Zhana. T.Li. J.Kim, C.Y. Chim, G.Galli. F. Wang, Nano Letters 10, 1271 (2010).

3] Q. H. Wana. K. Kalantar-Zadeh. A. Kis, J.N. Coleman, M.S. Strano, Nature Nanotechnology 7, 699 (2012).

4] X. Xu, W. Yao. D. Xiao. T.F. Heinz. Nature Physics 10. 343 (2014).

5] X.Yin, C.S. Tang, Y. Zheng, J. Gao, J. Wu, H. Zhang, M.Chhowalla, W.Chen, A.T.S. Wee, Chemical. Society Reviews 50, 10087 (2021).

6] X. Liu, M.C. Hersam, Nature Reviews Materials 4. 669 (2019).

7] H. Zhu, J. Wang, Z. Gona. Y.D. Kim. J.Hone. X.Y. Zhu. Nano Letters 17 . 3591 (2017).

8] J. E. Zimmermann . M. Axt. F. Mooshammer. P. Naaler, C. Schiiller. T. Korn. U. Héfer, G. Mette, ACS Nano 15, 14725. (2021).

9] E.Y.Ma,B. Guzelturk, G. Li, L. Cao, Z.X. Shen, A.M. Lindenberg, T.F. Heinz, Science Advances 5, eaau0073 (2019).

10] J. Shi, H.Xu, C.Heide, C.H.Fu, C.Xia, F.de Quesada, H.Shen, T.Zhang, L.Yu, A.Johnson, F.Liu, E.Shi, L.Jiao, T.Heinz, S.Ghimire, J.Li, J.Kong Y. Guo
A. M. Lindenberg, Nature Communications 14, 4953 (2023).

Memory and transient states in
Relaxation pathways of a Mott insulator far from equilibrium

O. Yu. Gorobtsov?, Y. Kalcheim®, Z. Shao®, A. Shabalin?, N. Hua?, , R. Bouck®, M. Seaberg’
D. Zhu*, O. Shpyrko?, I. Schuller?, A. Singer
! Cornell University, Ithaca, NY 14853, USA
2 University of California San Diego, La Jolla, CA 92093, United States
% Technion-Israel Institute of Technology, Haifa 32000, Israel
*SLAC National Accelerator Laboratory, Menlo Park, CA 94025, USA

Control over the structure and function of quantum materials remains among the ultimate challenges of
modern science and technology [1]. Memory and structural effects during metal-insulator transitions in
guantum materials can illuminate hidden physics and lead to novel electronic technologies [2] [3] [4].
Nonetheless, an understanding of the memory effects and nonlinearities influencing the transition pathways
far from equilibrium across timescales varying by multiple orders of magnitude remains elusive. We
employed x-ray Bragg diffraction covering timescales from femtoseconds to microseconds to trace the
pathways of far-from-equilibrium photoexcited transitions in V,03 epitaxial films. We uncovered changes in
transition timescale up to 5 orders in magnitude, where the memory of initial conditions induces, unusually, a
stretched exponential relaxation over multiple microseconds.
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Our results illuminate the critical role of memory in shaping the non-equilibrium evolution of the system
post-photoexcitation, offering a promising framework for manipulating and accessing transient states with
enhanced control and mimicking biological systems with varying excitation barrier height.
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Driving optomagneto dynamics between correlated triplet pair states in

Single-crystal singlet fission materials
G. Mayonado’, W. Goldthwaite*, F. Zhu", J. E Anthony?, O.Ostroverkhova'
M. W. Graham’
1Oregon State University, Corvallis, OR USA 97331
University of Kentucky, Lexington, KY USA 40506

Tunable magnetic field (£7T) TA microscopy drives conversion between correlated triplet pair states in
singlet fission semiconductors, to show ultrafast spin-conversion from S=0 (singlet) to S=1 (triplet) and
S=2 quintet staites. Singlet fission (SF) is an efficient charge multiplication process in organic
semiconductors that converts one singlet optical excitation to two triplet excitons (2xT;) via a singlet
S=0 correlated trlplet pair (TT) state to conserve spin.[1] Ultrafast triplet pair spin conversions to S>0
states, Y(TT) >™(TT) are theoretically predicted when the intermolecular exchange energy vanlshes
(J%O) and the states are degenerate as shown in Fig. 1c. Of particular importance is TT)>>(TT)
conversion to the S=2 quintet state which the overall SF efficiency is suspected to hinge critically
upon.[1] Unfortunately, the small J value separating these states and their optically dark nature makes
ultrafast SBIn conversion measurements difficult. To date, the critical role that S=1 (triplet) and S=2
(quintet) "(TT) states play in SF has only been observed in electron spin resonance (ESR) and
photoluminescence which show sharp resonant signal dips at specific resonant B-field.[2] Using tunable
B-fields (0-7 T), we induce strong-field Zeeman s rE)Ilttlng on single-crystal semiconductors to uncover
the ultrafast formatlon dynamics that drive both "(TT) spin-state conversions and triplet pair spatial
separation to }(T...T). To isolate the dynamics of the different correlated triplet pair states, we apply B-
field-dependent transient absorption (TA) microscopy to single-crystal organic semiconductors. Figure
1 shows the TA spectral dynamlcs for the exoerglc SF system, TIPS-pentacene (TIPS-Pn), and
highlights a competition between the Y(TT)a and }(TT)g populations. A tunable B-field (+7T, OptiCool,
Quantum Design) is applied perpendicular to the brickwork lattice plane (200 K). Pump excitation was
resonant Wlth the S; states (NOPA, ~40 fs), while the probe was either broadband whitelight or resonant
with the (TT) ESA peak near 1.28 eV (OPA, ~60 fs). The two beams are coupled collinearly into a
microscope via 4f confocal scanning optics to illuminate a ~2 um spot on the thin crystal regions
depicted in Fig. la.
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Fig. 1, Singlet Fissiont triplet pais TIPS-
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The sharp population dips occurring at B=2.5 and 4 T in Fig. 2a can be understood using a spin
Hamiltonian for four electrons, where the linear Zeeman state splitting term is Hrr(B)=gusB-S [1],
plotted in Fig. 2b. Both TIPS-Pn and diF-antradithiophene (ADT) systems show similar ‘resonant-dips’
that we associate with ultrafast spin conversion to S=1 and S=2 triplet pair states when the Zeeman
splitting causes a degeneracy at the S=0 state crossing circled in Fig. 2b.For B-fields beyond ~4 T, Fig.
1d shows the (TT)ﬁ population at 1.30 eV is gradually suppressed while a corresponding blue-shifted
peak that we call *(TT)s becomes the dominant peak centered at 1.36 eV. For B>~ 4T the 2xT;
transition state plotted in Fig. 1e is lower than the singlet *(TT)a State, suggesting states like *(TT)s may
become both stable and favorable owing to its different intermolecular coupling motif, where J<~O0.
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In summary, both single-crystal SF systems studied show highly efficient ultrafast spin conversion to
triplet and quintet states at roughly the same B-field resonances seen in prior steady-state studies. For B
> ~ 4 T, the dominant (T.. T) separated triplet pair state is greatly diminished, resulting in
corresponding enhancements for *(TT)g or S; state populations in TIPS-Pn and diF-ADT, respectively.
Going forward, we show SF dynamics can be strongly modulated by applied B-fields, revealing the rich
nature of correlated triplet-pair states and ultrafast spin conversion that underpin this efficient charge
multiplying process.
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Low-dimensional magnetism at oxide interfaces and the possibility of

Controlling it with ultrafast THz excitation
A. X. Gray
Temple University, Philadelphia, PA 19122, USA

Emergent magnetic phenomena at interfaces are at the forefront of materials science, crucial for
advancing spintronics and magnetic storage technologies [1]. In particular, stabilizing and controlling
low-dimensional interfacial ferromagnetic ground states in systems composed of two nonferromagnetic
materials is of significant importance from both fundamental and technological perspectives [2,3]. Here,
we explore low-dimensional interfacial ferromagnetism in CaMnO3/CaMnO3;/CaRuO; and
LaNiO3/CaMnOs superlattices, utilizing advanced synchrotron-based X-ray spectroscopy, density
functional calculations, and ultrafast THz-pump tr-MOKE spectroscopy [4,5]. We derive detailed
magnetic profiles of the ferromagnetic layers at these interfaces and demonstrate that the magnetic
moments can be tuned by adjusting thickness, layering, and introducing point defects. Additionally, we
employ time-resolved magneto-optic Kerr effect, optical reflectivity, and transmissivity spectroscopies
on variable-thickness LaNiO3/CaMnOj; superlattices to disentangle multiple interrelated electronic and
magnetic processes driven by ultrafast high-field THz pulses.
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Fig. 1. (a): Depth-resolved magneto-optical profile of a CaMnOs/CaRuO; superlattice measured via momentum-
resolved resonant magnetic X-ray reflectivity. The expanded region in the lower panel reveals an asymmetry in the
magnetic moment at the top and bottom CaMnOj; interfaces. (b): A similar magneto-optic profile for a
LaNiOs/CaMnO; superlattice. (c): Schematics and the delay trace of the THz-pump IR MOKE probe response of the
LaNiOs/CaMnO3; magnetic interface decomposed into several electronic and magnetic dynamical components.

By extending the scope of traditional magnetic interface studies and providing deeper insight into
atomic-level interactions, this work paves the way for future innovations in magnetic storage and
spintronics.
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Quantum decoherence by magnetic fluctuations in a candidate

Axion insulator from electric quadrupole second harmonic generation
R. Saatjian’, S. Dovrén', K. Yamakawa’, R. S. Russell', J. G. Analytis?, J. W. Harter'
! University of California, Santa Barbara, CA 93106, USA
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In magnetic topological insulators, spontaneous time-reversal symmetry breaking by intrinsic magnetic
order can open an energy gap in the topological surface spectrum [1]. In the resulting state, exotic
properties like axion electrodynamics, the quantum anomalous Hall effect, and other topological
magnetoelectric responses are expected to emerge [2-5]. A detailed understanding of the magnetic order
and its coupling to the topological surface states is essential to harness and tune these properties. In this
presentation, we will describe recent experiments leveraging near-resonant electric quadrupole optical
second harmonic generation to probe magnetic fluctuations in the candidate axion insulator
EuSn,(As,P), across its antiferromagnetic phase boundary [6]. We observe a pronounced dimensional
crossover in the quantum decoherence induced by magnetic fluctuations, where two-dimensional in-
plane ferromagnetic correlations at high temperatures give way to three-dimensional long-range order at
the Néel temperature. We also observe the breaking of rotational symmetry within the long-range-
ordered antiferromagnetic state and map out the resulting spatial domain structure.
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Fig. 1. Second harmonic generation in EuSn,(As,P),. (a) Energy level diagram showing resonant electric
quadrupole second harmonic generation (SHG) between electronic states at the M point. (b) Temperature
dependence of SHG. Upon cooling from room temperature, SHG increases dramatically, with a sharp peak at the
Néel temperature. (c) Spontaneous rotational symmetry breaking in the antiferromagnetic phase from SHG
rotational anisotropy measurements.

More generally, we demonstrate the unique capabilities of nonlinear optical spectroscopy to study
quantum coherence and fluctuations in magnetic quantum materials.
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Attosecond quantum tunneling current switching in graphene
M. Th. Hassan.
University of Arizona, Tucson, AZ 85721, USA.

The electron motion dynamics of graphene open the door for developing ultrafast graphene-based
optoelectronics [1]. In this work [2], we exploited a graphene-silicon-graphene (Gr-Si-Gr)
phototransistor and demonstrated the generation of sub-microamperes light-induced current by few-
cycle laser pulses. In our transistor, the current flows based on quantum tunnelling between the graphene
sides through the silicon junction. Hence, the generated current is gated in time, which allows us to
access and record the ultrafast instantaneous field-induced current. The field-induced current modulates
periodically in real-time, following the waveform of the driver field, enabling a current switching
between two states (ON and OFF) with a time speed of 630 attoseconds (1.6 petahertz) and > 95%
switching contrast. Moreover, we demonstrate a control of the light-induced current amplitude by
increasing the induction laser beam intensity and determining the consequent enhancement of our
phototransistor photoconductivity. Finally, the flexibility of our transistor setup allowed us to combine a
DC current (IV), generated by applying an external voltage, with the light-induced current to
demonstrate several logic gates within our phototransistor. Notably, the presented experiments are
performed under ambient standard temperature and pressure conditions, making this phototransistor at
the technology readiness level for developing attosecond and lightwave quantum optoelectronics [3].
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Fig. 1. (a) The graphene channel transistor composition. (b) The setup of the graphene phototransistor. The laser
beam is focused on the graphene channel by a parabolic mirror. (c), The normal graphene channel and the
generated Gr-Si-Gr FET were obtained by focusing the laser in the medial of the channel and moving it in the x-axis
by linear stage. The illustration in the bottom shows the difference in the band structure of graphene and Gr-Si-Gr
transistors. (d), The measured IV curve in the case of laser ON (blue line) and laser OFF (red line). The inset shows
the switching ON and OFF of the current signal by the laser beam. (e), The IV curve of the FET was obtained by
subtracting the IV curves shown in d. (f)The instantaneous field-induced current (average of three measurements) is
shown as the red line. The calculated intraband current is plotted in a dashed black line. (g), Absolute current
measured signal. The inset shows the current switching ON and OFF with a periodicity of 630 as.

Notably, the presented experiments are performed under ambient standard temperature and pressure
conditions, making this phototransistor at the technology readiness level for developing attosecond and
lightwave quantum optoelectronics [3].
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Lightwave electronics - from high harmonics spectroscopy to

Floquet topological insulators
C.Heide
Stanford University, Stanford, CA 94305, USA

Tailored ultrashort light fields are crucial in observing and exploiting ever-faster physical phenomena.
Precisely controlling the electromagnetic field of light allows the control of processes inside atoms,
molecules, and solids on a sub-cycle timescale of the laser pulse, providing access to the femto-to-
attosecond timescale. Such waveform control opens prospects for engineering and probing material
properties on unprecedented timescales [1]. Beyond fundamental applications, it is also relevant for
technology applications such as efficient charge transfer, signal processing, and computation at speeds
that exceed the current gigahertz clock rates by orders of magnitudes [2]. First, | will present how the
electric field of intense laser pulses can be controlled to generate and, most importantly, measure
synthesized light waves. These fields are then applied to quantum materials such as graphene, where |
demonstrate that on attosecond and femtosecond times scales, electrons inside of solids are steered by
the lightfield, so fast that this occurs entirely coherently, which means that quantum mechanics governs
their dynamics. Utilizing quantum interferences, we probe graphene’s band structure and coherence [3-
5]. Next, | demonstrate coherent control of photocurrents in light-dressed graphene. Here, we utilize
circularly polarized laser pulses to dress the graphene band structure to obtain a Floquet Topological
Insulator (FTI). Subsequently, we use phase-locked second harmonic pulses to drive electrons in the
underlying FTI. This approach allows us to measure the resulting all-optical anomalous Hall
photocurrents, FTI valley-polarized currents, and photocurrent circular dichroism, all phenomena that
put FTIs on equal footing with equilibrium topological insulators [6].
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In the last part of my talk, I will demonstrate how electrons driven in a band structure generate extreme
nonlinear light emission, known as high-harmonic generation (HHG). HHG can then be used to perform
ultrafast spectroscopy [1]. Measuring and understanding this emission allows the mapping of various
material properties, such as quantum phases and coherence, as well as its band structure and topology,
which are often obscured in conventional measurement schemes [7-9].
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Generation of ultrashort optical pulses by a transient

Plasmonic resonance
A. Husakou', I.Babushkin', Olga Fedotova®, R.Rysetsky®, T.Smirnova’, O.Khasanov®, A. Fedotov*, U.Sapaev’
'Max Born Institute, 12489 Berlin, Germany
? Leibnitz Hannover University, 30167 Hannover, Germany
%Scientific and Practical Materials Research Center, 220072 Minsk, Belarus
“*Belarus State University, 220030 Minsk, Belarus
*Tashkent State Technical University, 100097 Tashkent, Uzbekistan

Numerous fields of modern ultrafast optics, such as time-resolved spectroscopy [1], manufacturing and
investigation of surfaces [2], molecular dynamics and reactions [3], material modification and so on, often
require short, sub-10-fs intense pulses at high frequencies. Such pulses are typically obtained by a two-step
approach which includes frequency conversion, for example by means of nonlinear crystals, and subsequent
pulse shortening. Here we propose and theoretically investigate the generation of short sub-5-fs pulses in a
composite of dielectric nanoparticles due to a transient plasmonic resonance which is excited dynamically
for a short period of time during the pump pulse. The key idea is illustrated in Fig. 1.
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For a composite which consists of small spherical nanoparticles with dielectric function &; inside of the host
medium with dielectric function of &, the ratio x between the local field inside of the nanoparticle E;oc and
the external field Eoy: is given by [4] 38,

: 2ep+ei—Oep’ (1)
where we have taken into account the modification -6¢p of the dielectric function ¢; by the plasma, which
occurs due to photoionization by a strong optical pulse. Here we assume that the host material has higher
bandgap and therefore negligible ionization rate. Upon the pulse propagation through the nanostructure, the
plasma density increases with time. At certain point in time the system can pass through a plasmonic
resonance, with the position being determined by the zero of the denominator in Eq. (1). During the short
time which the system spends near the resonance, the local field experiences strong enhancement. This leads
to generation of a strong and short third harmonic pulse due to third-order susceptibility of the inclusions.
Simulations of the pulse propagation were performed in the (1+1)D geometry using a unidirectional
propagation equation without slowly-varying-envelope approximation [5]. The following effects were
included into the simulation: group velocity dispersion, linear material loss, scattering loss, third-order
nonlinearity of both host and inclusions, photoionization of inclusions, plasma dynamics and its influence on
the dielectric function of the inclusions, as well as the temporal dependence of the factor x. For the sake of
space we present here only a novel system of equations which describes the dynamics of the relative plasma
density and the local field. This system constitutes the core of the model:
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Here v is the electron velocity decay rate, x = Ne’/(m.s), where N is the concentration of atoms or
molecules, and I'(E) is the field-dependent ionization rate. The simulations were performed for a typical case
of 55-fs, 800-nm pulses with intensity of 0.75 TW/cm? propagating through a composite made of fused silica
and AIN spherical nanoparticles with a filling factor of 0.003. In Fig. 2 the results of the simulations are
shown. One can see that at the time when the plasma density (blue) passes its resonance value (dashed), the
local field becomes much higher than the incident field, forming a short peak. As soon as the plasma density
increases further, the factor x and the local field drop. This leads to a formation of a short few-cycle third-
harmonic pulse, as shown in the right panel. In the present simulation, the third harmonic pulse has a FWHM
duration of 5 fs.
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At higher intensities and with higher filling factor (not shown), we predict generation of even shorter pulses,
with duration down to 0.8 fs, albeit with strong pedestal. The conversion efficiencies reach values of up to
1%. In the conclusion, we investigated the formation of short local-field bursts due to the fast transition of a
nanocomposite through a plasmonic resonance. We also predict generation of third-harmonic pulses with
femtosecond and even sub-femtosecond durations by this mechanism.
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Resonant excitation of van der Waals antiferromagnets

J. A. Warshauer, H. Chen, D.A.B. Lopez, Q. Tan, J. Tang, X. Ling, W.Hu
Boston University, Boston, MA 02215, USA

Excitons are bound electron-hole pairs that broadly exist in weakly correlated semiconductors and
semimetals. There has been a growing interest in experimental verification of unconventional excitons in
strongly correlated materials, and studying the interplay between excitons and charge, spin and lattice
degrees of freedom. However, the beauty of rich excitonic physics is limited by the exciton’s lifetime before
the electron-hole recombination. Long-lived excitons are appealing for the realization of exciton
condensation and optoelectronic device applications, making materials with long-lived excitonic states
highly sought after. Van der Waals magnets are an emerging material family for investigating light-matter
interactions and spin correlated excitations. The discovery of an ultranarrow photoluminescence peak in the
antiferromagnetic material NiPS3;, identified as a spin-correlated exciton state, opening up novel
opportunities to study coherent many-body excitons [1-4]. Despite extensive interest in the ultra-narrow
spin-correlated exciton, there are no studies on resonant driving at exciton levels in NiPS;z or other van der
Waals magnets in this family.
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Here, we report the discovery of a long-lived photo-induced state with a negative photoconductivity in the
van der Waals antiferromagnet NiPS3, which appears exclusively with resonant pumping at the exciton level
in the antiferromagnetic state. Our study provides new insights to understand the nature of the spin-orbit-
entangled exciton, for which limited data and diverse interpretations exist.
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Photophysics of photocatalytic and radical systems
V. M. Huxter
University of Arizona, Tucson, AZ 85721

Radicals and other open-shell molecules are central to chemical transformations and redox chemistry,
with stable radical systems being of interest for applications in materials chemistry, catalysis,
spintronics, and quantum information. Here, we investigate the ultrafast optical properties and spin-
tunable behaviors of hexaethyl tripyrrin-1,14-dione (H3TD1) and its metal complexes, specifically
focusing on copper(ll) and palladium(ll) systems (Cu-TD1 and Pd-TD1, respectfully). These neutral
radical systems demonstrate exceptional stability and are promising for future applications in quantum
materials and catalysis. Building on our understanding of these systems, we also use time-resolved
nonlinear spectroscopy to determine the mechanisms of photoredox catalysis. Our work on Cu-TD1[1]
reveals temperature-dependent spin-tunable properties driven by the presence of unpaired electrons on
both the copper metal center and the tripyrrolic TD1 ligand. Using two-dimensional electronic
spectroscopy (2DES) shown in Fig. 1, we characterized the spin dynamics of the system at room
temperature and 77 K.
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At room temperature, the copper complex exists as monomers with short-lived excited states, decaying
in picoseconds. However, at 77 K, the molecules dimerize in part through ferromagnetic and
antiferromagnetic coupling, resulting in the formation of long-lived excitonic states. This transition from
short-lived monomers to long-lived dimers highlights the potential of these systems for spin-based
technologies. To further explore the properties of these metal neutral radical complexes, we compared
the optical properties of Pd-TD1 and Cu-TD1[2], which display tunable spin states that result in triplet,
doublet, or singlet configurations depending on the metal center and the redox state of the ligand. The
Pd(I1) and Cu(ll) complexes have ligand-based radicals, which give rise to doublet and triplet states,
respectively. Time-resolved spectroscopic techniques were used to investigate the optical properties and
dynamics of these systems. We observed that the copper neutral radical and oxidized complexes, as well
as the palladium neutral radical complex, exhibit rapid relaxation timescales, returning to their ground
states within tens of picoseconds. In contrast, the oxidized palladium complex exhibits significantly
longer relaxation dynamics. The ability to modulate spin states via stable open-shell configurations and
reversible redox activity in these tripyrrolic systems offers opportunities for catalytic applications, as
well as the exploration of magnetism and conductivity in novel materials. The optical properties and
ultrafast dynamics of H3TD1 alone in solution are modulated by hydrogen-bonding interactions. Our
work has shown how the solvent environment drives aggregation and mediates non-radiative relaxation
pathways[3]. In solvents with low hydrogen-bonding affinity, H3TD1 tends to form hydrogen-bonded
dimers, whereas in solvents capable of donating or accepting hydrogen bonds, H3TD1 remains a
monomer. This monomer-dimer relationship has a significant impact on the ultrafast dynamics, with the
dimer form exhibiting faster internal conversion compared to the monomer. The ultrafast relaxation
dynamics of the monomer and dimer in solution were characterized using time-correlated single-photon
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counting, fluorescence upconversion, and transient absorption (TA). Additionally, the time-resolved
behavior of these species was modeled using a Pauli master equation treatment for a three-level system.
Steady-state absorption and fluorescence measurements allowed us to determine the solvent-dependent
optical properties, including quantum yields and extinction coefficients. These findings provide insight
into how the molecular environment influences the excited state dynamics in H3TD1. In parallel, we
explore the broader implications of our work on radicals in the context of photoredox catalysis[4].
Photoredox catalysis has revolutionized organic synthesis, providing sustainable methods to drive
single-electron transfer reactions through light absorption. Historically, photoredox catalysis was
dominated by transition metal catalysts such as ruthenium and iridium compounds. However, recent
developments have shifted the focus towards organic photocatalysts, which are more sustainable,
tunable, and cost-effective. Despite these advances, the mechanistic understanding of organic
photoredox catalysis remains incomplete, as many of the underlying processes, including solvent effects,
catalyst degradation, and non-productive reaction pathways, are not fully understood.

In photoredox catalysis, closed-shell organic catalysts absorb light to generate excited species that drive
chemical reactions as shown in Fig. 2.
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However, the standard models describing these processes are generally oversimplified. A detailed
understanding of the mechanisms of photoredox catalysis is necessary to improve the efficiency of
photoredox catalysis. Time-resolved optical techniques, such as TA and 2DES, offer new insights into
the excited-state dynamics of photoredox systems. TA measurements provide a broad overview of
excited-state lifetimes and decay pathways, while 2DES offers enhanced resolution for separating
overlapping signals and identifying transient intermediates. For example, in the case of the Cu-TD1
complex, 2DES was used to resolve intermediate species that were otherwise obscured in traditional TA
measurements. This capability is particularly important in complex photocatalytic systems, where
multiple reaction pathways may produce overlapping signals that complicate mechanistic analysis.
Further investigation into the roles of organic radicals, solvent dynamics, and spin states in photoredox
catalysis are essential for advancing this field. Organic radicals typically exhibit short lifetimes, making
them inefficient as primary catalytic agents. However, preaggregation or physical association of
catalysts and reactants, as well as the involvement of longer-lived closed-shell species, may enhance
reaction efficiency. Moreover, solvents play an important role in modulating charge transfer rates and
stabilizing reaction intermediates[5]. Our time-resolved spectroscopic studies use advanced
spectroscopic techniques to investigate both the ultrafast dynamics of metal-organic radical systems and
the mechanistic intricacies of organic photoredox catalysis. By revealing the complex interactions
between radicals, solvents, and catalytic intermediates, we provide new insights into the design of more
efficient catalysts and the development of sustainable synthetic methodologies.
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Strong light-matter interactions and nonlinearities from first principles:

from Exciton dynamics to giant exciton-driven Floquet effects
F. H. da Jornada
Stanford University, Stanford CA 94305, USA

Optical nonlinearities and ultrafast phenomena in materials enable one to design critical optoelectronic
components, ranging from established gain media for lasing to promising all-light optical computers,
and design novel forms of matter that are not accessible in the electronic ground state. One must often
consider atomistic and many-electron interactions to unambiguously predict and interpret such
photophysical processes. However, until recently, predictive methods, such as those based on many-
body perturbation theory and interacting Green’s function (e.g., the Bethe-Salpeter equation) were
largely restricted in describing linear-response properties close to equilibrium. Here, we present results
from recently developed formalisms for computing the interaction of excitons with other quasiparticles
and collective excitations from first principles, including nonlinear optical properties of materials
without adjustable parameters. We will first present a recently developed approach to compute exciton-
phonon interactions and exciton linewidth on monolayer MoS,. We show that coherent interactions
between phonons and photons yield a factor of three increase of the exciton linewidth compared to the
typically considered, first-order process[1-2]. We will also discuss our recent efforts to understand the
spectroscopic signatures of excitons in low-dimensional and moiré materials [3-5], which can now be
accessed with state-of-the-art momentum microscopes. We will discuss nonlinearities predicted in the
optical properties of monolayer materials, and how we can understand them within the language of an
exciton-driven Bloch-Floquet effect [6-7]. We will also discuss recent results from our group on the
robustness of such effects with the coherence of the driving bosonic fields.
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Fig. 1. Left: Simulated external electric field E(t), induced polarization Pey(t), and change in the self-energy matrix
element 2, (t) obtained from a first-principles time-dependent adiabatic GW simulation on monolayer MoS, to
simulated a pump-probe experiment including many-electron interactions [6,7]. Right: Simulated spectral function
obtained from the calculation, showing a replica of the valence band and a camel-backed dispersion of the valence
band, which can be interpreted as an exciton-driven Floquet effect [7].

The results suggest the possibility of driving out-of-equilibrium quantum states in materials using
internal bosonic fields that may support longer-lived emergent states.
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Revealing unique light-matter interaction of the amplitude mode in

Superconductors by terahertz two-dimensional coherent spectroscopy
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Light-matter interaction in quantum materials is one of the critical aspects that elucidate their intriguing
properties. In particular, the terahertz (THz) frequency range is of great interest as it allows us to access
rich low-energy excitations in such materials due to the complex interplay between charge, spin, orbital,
and lattice degrees of freedom. Recent advancements in generating an intense THz pulse enabled the
investigations of nonlinear light-matter interaction, which can provide information unreachable by the
linear light-matter coupling. More recently, THz two-dimensional coherent spectroscopy (THz 2DCS,
Fig. 1(a)) has emerged as a new technique to disentangle different nonlinear optical processes of
magnons, phonons, and plasmons. Yet, understanding the THz 2DCS spectra is still in its infancy.

In this work, we investigate THz 2DCS in the case of a conventional superconductor NbN to elucidate
the light-matter interaction of the amplitude collective excitation of the superconducting order
parameter, often referred to as the Higgs mode [1]. Using broad-band THz pulses as light sources, we
observed a third-order nonlinear optical response whose power spectrum peaked at twice the
superconducting gap energy 2A. With narrow-band THz pulses, a THz nonlinear signal was identified at
the driving frequency Q and exhibited a resonant enhancement at temperature when Q = 2A (Fig. 1(b)).
General theoretical considerations show that such resonance can only arise from a disorder-activated
paramagnetic light-matter interaction. Numerical simulations reveal that even for a small amount of
disorder, the Q = 2A resonance is dominated by the superconducting amplitude mode over the entire
investigated disorder range.
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Fig. 1. (a): Schematic of THz 2DCS. (b) Temperature dependence of the nonlinear optical responses at = = 0 ps
(bottom) and the superconducting gap energy 24 (top). FH and TH denote the first-harmonic and third harmonic,
respectively.

This study demonstrated the ability of THz 2DCS to investigate the physics of the amplitude mode in
superconductors, which would open a new avenue to study them in other types of superconductors.
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Charge-transfer polaritons in van der Waals heterojunctions
B.S.Y.Kim
University of Arizona, Tucson, AZ 85721, USA

The ability to manipulate and probe the emergent behavior in quantum materials with nanoscale precision is at
the forefront of condensed matter research and underlies the future progress of new electronic and photonic
technologies. Polaritonic platforms utilizing hybrid light-matter excitations with extreme light confinement
enable a unique form of experimental inquiry into quantum materials at the nanoscale. Here, we demonstrate a
robust strategy to design new polaritonic platforms based on atomically thin van der Waals (vdW) materials
using the notion of oxidation-activated charge transfer (OCT) [1]. More specifically, by covering graphene with
transition-metal dichalcogenides and subsequently oxidizing the transition-metal dichalcogenides into
transition-metal oxides, we activate charge transfer rooted in the dissimilar work functions between transition-
metal oxides and graphene. Nano-infrared imaging reveals ambipolar low-loss plasmon polaritons at the
transition-metal-oxide/graphene interfaces. Further, by inserting dielectric van der Waals spacers, we can
precisely control the electron and hole densities induced by oxidation-activated charge transfer and achieve
plasmons with a near-intrinsic quality factor. Using this strategy, we imprint plasmonic cavities with laterally
abrupt doping profiles with nanoscale precision and demonstrate plasmonic whispering-gallery resonators based
on suspended graphene encapsulated in transition-metal oxides.

Fig. 1. Experimental schematics of scanning near-
field optical microscopy, and nano-infrared imaging
of graphene plasmonic cavities produced via
programmable oxidation- activated charge transfer
(OCT) [1].

Finally, we show the use of OCT to induce a topological transition of polaritons residing at the graphene/a-
MoO; interface mediated by the coupling between graphene plasmons and a-MoQOj3 phonons [2]. These hybrid
modes also display an exceptional point in their dispersion, resulting from the direction-dependent plasmon-
phonon coupling strengths along the in-plane directions. Our work opens pathways for tailored, strong light-
matter coupling in van der Waals materials and for exploring dynamical topological transitions and directional
coupling that could inspire new nanophotonic and quantum devices.
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Ultrafast spin-exchange interactions in magnetically doped quantum dots for

advanced photoconversion
V. I. Klimov
Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Semiconductors have historically played a key role in a variety of energy interconversion schemes. Many useful
energy transformations involve Processes known as up- and down-conversion. These include, in particular,
electron emission from a material due to the Auger up-conversion and carrier multiplication (CM%due to down-
conversion via impact ionization. Both of these processes have significant utility in solar photochemistry,
photovoltaics, radiation detection, and photocathodes. The fundamental limitation of both the Auger up- and
down-conversion arises from competinig energy losses due to phonon emission. In particular, for Auger-type
energy transfer mediated by direct Coulomb interactions, the rate of energy gain is at least 3 times lower than
the rate of energy loss due to phonon emission [1]. As a result, conventional materials do not exhibit
appreciable photoemission or carrier multiplication due to the Auger up-/down-conversion. To address this
issue, we exploit a new type of ultrafast subpicosecond? spin-exchange (SE) interactions arising from the
embedding of magnetic impurities into zero-dimensional colloidal quantum dots (QDs). In particular, by
inserting spin-5/2 manganese ions into CdSe QDs, we achieved a 20-fold increase in the Auger energy transfer
rate, making it much faster than phonon emission and allowing direct manipulation of hot nonequilibrium
electrons prior to their intraband cooling [1|]. We used ultrafast SE interactions to demonstrate highly efficient
photoemission induced by visible light pulses. This process was realized as a two-step Auger re-excitation,
where a band-edge electron was excited to the vacuum state outside the QD by two successive energy transfers



from excited Mn ions [2]. In undoped QDs, the second step of Auger re-excitation would have been hampered
by the relaxation of the hot electrons via phonon emission. However, in Mn-doped structures, due to the
extremely high SE energy transfer rates, the hot electron was efficiently excited to the vacuum state before
losing any significant energy to phonons Recently, we used Mn-doped CdSe/PbSe core/shell QDs to realize
highly efficient CM, a process in which a single absorbed photon generates multiple electron-hole pairs
(excitons)d[3L. In these structures, CM occurred via two SE steps: (1) SE energy transfer from a hot exciton
delocalized throughout the QD to a Mn ion at the core/shell interface, followed by (2) energy- and spin-
conserving relaxation of the excited Mn ion to generate two excitons (bright and dark) in the PbSe core. Due to
the extremely short SE time scales, both SE steps occurred without significant interference from phonon
emission, resulting in high SE-CM efficiency. These works demonstrate the significant utility of the ultrafast
CM energy transfer realized with magnetically doped colloidal QDs in practical photoconversion.
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Undressing electron-phonon interactions in FeSe
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FeSe is an unconventional superconductor with a high ratio of superconducting gap to Fermi energy, and
correspondingly small spatial extent of strongly bound Cooper pairs. Our previous work [1] reported strong
electron-phonon coupling of the A;q3 mode, which we explained by cooperative interactions that include spin
degrees of freedom. This may help explain how strongly bound Cooper pairs can form despite strong Coulomb
repulsion. Here, we present time-resolved X-ray diffraction data of the 5.3THz A;y mode in bulk-like FeSe/STO
films as function of temperature and excitation density (fluence). With increasing temperature, the mode softens
by 0.9% and damping increases. The mode does not change abruptly at the nematic/structural transition
temperature Ts=90K. This is in quality agreement with Raman spectroscopy in thermal equilibrium. In contrast,
with increasing fluence, we observe distinct non-thermal signatures: At a critical excitation density, the mode
hardens by 3%, the increased damping plateaus, and the amplitude slope decreases. Since the mode always
remains a well-defined single harmonic, the projection to the excited state potential energy surface must be
completed before the mode starts oscillating, i.e. in less than % mode period of 50fs. This time scale is
incompatible with trivial heating that involves the lattice and points to the action of optically excited hot
electrons. Non-magnetic DFT calculations consistently predict a harder mode than is observed in experiment
and compared to DMFT calculations which include spin fluctuations [2].

T T Fig. 1. (a) Time-resolved x-ray diffraction
; A intensity of the (004) Bragg peak as function of
7 ¥ -1 g fluence. Amplitude (b), frequency (c) and
£ s g AT - linewidth (d) of A;q mode as function of fluence.

Our present understanding is that more
and hotter electrons create an excited state with reduced spin interactions, which hardens the mode, and is
consistent with a reduction of the electron-phonon coupling. In turn, our result further corroborates the notion
that cooperative interactions of spin, electron and lattice degrees of freedom govern the low temperature ground
state in FeSe. More generally, our approach highlights that excited state methods with non-thermal tuning
parameters can isolate microscopic interactions in correlated matter to provide a unique contribution to our
understanding of the ground state.
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Full brillouin zone, multi-band reconstruction of the

Electronic band-structure from high-harmonic spectra
M. Kolesik
University of Arizona, Tucson, AZ 85721, USA

We demonstrate three-dimensional reconstruction of the electronic structure in both direct-gap
(gallium ar-senide) and indirect-gap (silicon) materials, producing multiple energy bands across the entire
Brillouin zone. We show that a single pair of well-chosen, properly calibrated high-harmonic spectra is
sufficient to obtain a group of energy bands surrounding the electronic gap. The transition dipole
moments and Berry connections then can be obtained as by-products of the procedure.All-optical
characterization of materials based on the high-harmonic generation (HHG) in off-resonantly ex- cited
solids was proposed in a number of modalities. In particular, the principle of the electronic band-
structure reconstruction was demonstrated [1] soon after the first measurements of the above-the-gap
harmonics from solid targets [2]. However, important issues remain to be understood before the HHG-
based all-optical techniques can be fully deployed. For example, it is not yet clear which parts of the
band-structure can be reconstructed by purely optical methods. The reconstruction problem is further
complicated by the fact that the absolute complex phase is not observable for the transition-dipole
moments and Berry connections. Even for gauge-invariant quantities such as Berry curvatures and shift
vectors, we do not know how accurately and over what extent of the Brillouin zone they can be mapped.
Perhaps the most crucial question is what kind and how many measurements one needs for the
reconstruction of band energies.The all-optical reconstruction is an optimization problem in which a set
of measurements, dubbed the target in the following, is to be reproduced by a calculation or a
simulation which receives the parameterized band- structure as an input. The central assumption is that
if one can find a set of parameters for which the simulated material response is close to the target, then
the parameterized bands approximate the real ones [3]. Of course, the accuracy of the reconstruction is
not only limited by the parameterization, but perhaps mainly by how accurate is the simulation used to
produce the material response for each fixed set of parameters.In the previous approaches, the band-
structure reconstruction was so far limited to parts of the electronic bands, while using overly simplified
material models [4—6]. With a notable exception of [1], the methods relied heavily on the semi-classical
model of the HHG process, where the photon energy of the emitted radiation maps onto a local band-
gap in the reciprocal space [7]. In most cases, only a sub-set of processes were considered, such as the
intra-band currents [8]. Moreover, it has been a common premise that the band energies and the
transition dipole moments can be regarded as separate, or independent quantities. In reality, the band
energies and the dipole moments are intimately related via the k-dependent Hamiltonian. While the
bands describe how the energy eigenvalues change throughout the Brillouin zone, the transition dipole
moments reflect how the Hamiltonian eigenvectors transform from one point to the other in the
reciprocal space. So it is inconsistent to presume known transition dipole moments, when the band
energies need reconstruction, which is precisely what some works have done. We put forward a
surrogate-model approach. Instead of trying to obtain the band structure directly, one re- constructs a
model Hamiltonian instead. Having the optimized model, the energy bands and all other quantities such
as dipole moments and Berry connections can be calculated. Our method thus eliminates the
inconsistencies in the previous demonstrations when the bands were reconstructed while the dipoles
were assumed to be known. An important advantage of the approach is that it respects the material
symmetry, and produces multiple bands throughout the whole Brillouin zone. This contribution
describes the first proof-of-principle for this novel approach to all-optical reconstruction of the band-
structure.For the demonstration of the band structure retrieval, we concentrate on cubic materials with
the zinc blende and/or diamond structures. The sp3s* tight-binding Hamiltonian H(k,{pi}) is given in
[9] and [10] lists the parameter sets {pi} for different materials. We refer the reader to Refs. [11-16] for
details concerning the design, testing, and for some applications of the sgiSBEs simulator used for the
simulations of the target and trial HHG spectra. We used an optimized version of the algorithm given in
[11,16] and previously tested against experimental HHG spectra [13]. The method also correctly captures
the second-order nonlinearity of the material [12], showing that the absolute scale of the nonlinear
response is also correct. This gives us confidence to draw conclusions based on numerical simulations.
The target data, and the initial guess are both shown in Fig. 1
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Fig.1. Left: Target (open circles) and the first-guess (thin black line) band-structures. Right: Target and

initial-guess S-polarized and P-polarized HHG spectra. The reconstruction aims to minimize the distance
between the target and the optimized spectra.

The target systems is given by the nominal parameters for GaAs and/or Si, and we generated the initial
guess by random perturbations of the parameter set.The resulting initial-guess band-structure (black
lines, left panel) is distinctly different from that of the target (open circles, left panel). We further
assume that the P- and S-polarized HHG spectra (shown as thin black lines) weremeasured for a 110-
oriented GaAs sample. The first-guess spectra (thick red lines) are also shown in the figure.

As the fitness function to govern the optimization process, we measure the distance from the target as
the average of the absolute value of the difference between the target and simulated spectra in the
logarithmic scale. In Fig. 1, it is the vertical average distance between the black and red lines Fig. 2
shows the optimization history together with the nearly perfectly reconstructed band-structure:
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To the best of our knowledge, these results constitute the first simulation-based demonstration of a fully
three-dimension, all-optical reconstruction of multiple electronic bands over the entire Brillouin zone
utilizing a single pair of high-harmonic spectra excited by a single quasi-monochromatic mid-infrared
pulse. The tests presented here utilized idealized targets that guaranteed that an optimal solution existed.
In a real-life situation, the target spectra will necessarily contains errors, and could be limited in terms of
their bandwidth and in their dynamic range. Accurate spectral calibration is another potential challenge.
While comprehensive study of such issues is beyond what we can do in this work, we can present
evidence that the reconstruction process based on the surrogate model turns out to be surprisingly robust
with respect to experimental errors in the peak excitation amplitude and in the calibration of the target

spectrum. This work is thus a significant step toward a practical all-optical material characterization
based on the high-harmonic spectroscopy.
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Spontaneous synchronization is at the core of many natural phenomena. Your heartbeat is maintained
because cells contract in a synchronous wave; some bird species synchronize their motion into flocks;
quantum synchronization is responsible for laser action and superconductivity. The transition to
synchrony, or between states of different patterns of synchrony, is a dynamical phase transition that has
much in common with conventional phase transitions of state — for example solid to liquid, or
magnetism — but the striking feature of driven dynamical systems is that the components are “active”.
Consequently quantum systems with dissipation and decay are described by non-Hermitian
Hamiltonians, and active matter can abandon Newton’s third law and have non-reciprocal interactions.
This substantially changes the character of many-degree-of-freedom dynamical phase transitions
between steady states and the critical phenomena in their vicinity, since the critical point is an
“exceptional point” where eigenvalues become degenerate and eigenvectors coalesce. We will illustrate
this in several different systems — a Bose-Einstein condensate of polaritons, models of multicomponent
active matter such as flocks of birds, generalized Kuramoto models, and others. We argue that there is a
systematic theory and generalized phase diagram, and corresponding universality behaviors determined
by the symmetry of the models. Polariton BEC’s are now a well-established phenomenon in
semiconductor systems including conventional 111-V and I11-VI semiconductors, organic semiconductors,
transition metal dichalcogenides, and photon condensates. The standard model to describe this
phenomenon is the Jaynes-Tavis-Cummings model of two-level systems (excitons) coupled to cavity
photons. The system is driven by pumping of the excitons and equilibrated by exciton scattering and
decay of the photons. A steady state can be obtained at low density where the excitons and photons
coherently combine to form a polariton, and that polariton undergoes BEC. However, there is a
potentially different steady state of the same model whereby the photons ‘condense’ as in a laser, but the
excitons are mostly decohered. These solutions are physically different but in terms of an order
parameter they both break the same U(1) symmetry so cannot be mathematically distinguished. In
analogy to the liquid/gas transition in a thermodynamic system the route between the two phases can be
either continuous or via a first order jump. The end point of this first order line is a critical point, and for
a dynamical system a critical exceptional point (CEP), where two dynamical solutions merge. This can
be modeled by a generalized Gross-Pitaevskii equation with two components (light and matter) and
some results are shown in Fig. 1.

Fig. 1 Stationary solutions of the Gross-Pitaevski equations
for a driven polariton condensate, as a function of loss k and
photon number n. g is the Rabi coupling. The CEP is marked
by a star (from Ref 1)

At a conventional critical point a massive mode becomes massless but those soft fluctuations are still
orthogonal to the fluctuations of the phase (a Goldstone mode). At a CEP two (acoustic) modes coalesce
and the fluctuations are then strongly enhanced. The existence of a scaling theory of such a dynamical
phase transition is not yet settled, but it will certainly be different from thermodynamic transitions [3].
The inspiration from non-Hermitian quantum systems suggests that the CEP phenomenon should be
more general. Indeed it seems that CEPs are available in many active matter many-body systems
provided there are non-reciprocal interactions between different species. A toy model is that of two
flocking species which have counter interactions — species A wishes to align with B, but species B wants
to antialign with A. Depending on the relative strength of the interactions one would expect to find an



aligned phase (quasi-ferromagnet) or an anti-aligned phase (quasi-antiferromagnet). But in between
these limits there is a state unexpected (and unallowed) in a reciprocal model — one where the two
species rotate, “chasing” each other. This chiral phase is separated from the other phases by a CEP. At
the mean field level (Fig. 2) there is a generalized phase diagram that applies to several different models
— including contrarian Kuramoto models, Swift-Hohenberg models of pattern formation, Rosenszweig-
MacArthur models of predator-prey interactions, and Wilson-Cowan models of excitatory/inhibitory
neurons [2,4].
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Beyond mean field theory it is not expected that long range order will be maintained in low dimensions
in the presence of noise, but the scaling of fluctuations in space and time will encode the characteristics
of the underlying state, which we expect to be different from the paradigmatic KPZ for example [5].
And these dynamical systems are of course also prone to pattern-forming instabilities [2,5] which are
controllable but usually enhanced in the vicinity of CEPs. Polariton systems have intrinsically large
coherence lengths, have interaction and decoherence parameters that are readily tuned, and can be
characterized both spatially and temporally. We suggest that they may be a productive place to search
for novel behavior in non-Hermitian dynamical systems.
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Disorder is a topic of primary importance for understanding the physics of quantum materials. A well-
known example may be found in the family of cuprates, in which hole-doping an insulating parent
compound gives rise to the spectacular phenomenon of high-temperature superconductivity. However,
the doping concentration which optimizes superconductivity is non-stoichiometric, raising the question
of how inevitable doping disorder translates to disorder of the superconducting phase. Conventionally,
inhomogeneous superconductivity is probed using scanning tunneling microscopy, which resolves the
superconducting gap in space. However, such techniques, in particular Josephson tunneling techniques
that isolate the superconducting response, are limited to low temperatures which precludes measurement


https://scholar.google.com/citations?user=ylZXqXMAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=ZgpALbQAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=7aU86JkAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=i8As0PEAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=ylZXqXMAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=i8As0PEAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=x-_6edMAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=ylZXqXMAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=Q2RWcgkAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=i8As0PEAAAAJ&hl=en&oi=sra
https://scholar.google.com/citations?user=x-_6edMAAAAJ&hl=en&oi=sra

of the superconducting phase transition and possible pseudogap physics. Optical-frequency photon echo
techniques are also not applicable, due to the large mismatch between optical photon energies and the
low energy scales of superconducting order. To overcome these limitations, we translate the technique of
multidimensional spectroscopy [1] into the terahertz frequency range to probe superconducting order at
its intrinsic energy scales. We apply this technique to the Josephson tunneling resonance in optimally-
doped La,xSrxCuQyg, which is found at 2 THz.

Two-Dimensional La, g35rg17,Cu0,
Terahertz Spectroscopy
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Fig.1. Probing inhomogeneous superconductivity withterahertz photon echoes

The photon echo spectra exhibit clear signatures of disorder, which is observed to remain constant as
temperature increases towards the superconducting phase transition [2].
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Direct observation of Bose-Einstein condensates of excitons in a bulk
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Excitons are composite quasiparticles formed in semiconductors when valence electrons are excited to
form bound electron-hole pairs with finite lietimes. An unambiguous observation of the Bose-Einstein
condensation (BEC) of excitons in a bulk semiconductor and elucidation of its inherent nature have been
longstanding problems in condensed matter physics. The 1s paraexcitons with a long lifetime of over
several hundred nanoseconds in cuprous oxide have been one of the most promising candidates for
exciton BEC. This long lifetime is advantageous for preparing cold paraexcitons via thermal contact
with the lattice of cuprous oxide. Active research on paraexciton BEC at liquid helium temperatures
around 2 K began since the 1990s [1]. However, it has turned out that the two-body inelastic collisions
between paraexcitons is so large at a critical denS|ty of 10" cm™ that paraexcitons hardly reach a thermal
equilibrium state [2]. In response, the target temg)erature for paranCIton BEC was set for sub-1 K with
reduced BEC transition densities below 10*" cm™. The application of a *He refrigerator enabled cooling
of paraexcitons in a strain-induced trap potentlal at an exciton temperature of 800 mK. The
accumulation of trapped paraexcitons exceeding the BEC critical number led to the observation of a

phenomenon called “relaxation explosion,” which suggests the BEC transition [3]. However, two bodgl
inelastic collisions hinder the formation of a stable condensate at a BEC transition density of 10% cm

To observe a stable condensate and elucidate its properties, it is necessary to create a dilute condensate
at even lower temperatures. We have utilized a cryogen-free dilution refrigerator to cool the lattice of



cuprous oxide at temperatures of sub-100 mK. We found that interactions between trapped paraexcitons
and transverse acoustic phonons under the strain field, which functioned as the trap potential, play a
crucial role in reducing the exciton temperature well below 1 K. We succeeded in the formation of
trapped paraexcitons at a temperature of sub-100 mK [4], which is the lowest temperature of excitons.
For the quantitative detection of exciton BEC, we performed mid-infrared induced absorption imaging
associated with the dipole-allowed 1s-2p transition of paraexcitons. Absorption measurements of
paraexcitons [5, 6] allow us to quantitatively determine the density of paraexcitons, which is an essential
parameter for the evaluation of quantum statistical mechanics. To perform absorption imaging, we
attached windows to the refrigerator that allowed transmission of a probe light. However, since the
wavelength of the probe light is in the mid-infrared region, these windows also transmit thermal flow to
the coldest part in the refrigerator, making it difficult to maintain at dilution temperatures. We carefully
designed the windows by minimizing the numerical aperture and using a narrow bandpass filter as the
window material to reduce incoming thermal radiation. This specialized design for the windows and a
high cooling power of the refrigerator allowed us to conduct absorption imaging at a base temperature of
64 mK.

T —64 mK A Poump= 30 MW, ngeak= 1
Er;(lz:iton ®m Poump= 8.8 MW, Npeak=
condensate 2 Poump= 2.9 MW, Npeax= ) )
—_——— Poump= 1.6 MW, Ngca= Fig.l1  Radial profiles of the
P — 940 uW paraexciton density measured by
15 iy pump induced absorption imaging at
5x10°~ 7 N p Kink Poump= 440 pW various excitation powers at a base
————— Aat 4 . ® Poump= 88 nuW temperature of 64 mK. The black
4 | A< Aa L dashed curves show the Gaussian
- R distribution fit to the tail of the radial
s - y A~ - profiles. The grey shaded curves show
5 B+~ A the bimodal distribution fit to the
= '.":\_1. o radial profile of the density. The
§7] a e o w localized dense signal around the
S 2 _“ ‘_'rA - bottom of the trap potential appears at
= R 3 :‘? taa taaa, L Tm excitation powers above 1.6 mW.
1 et i‘>4_r_'——_~_:K~A.A
S

B EREdRdandh St S IR IR S S NNINPND D P ab St 3

o I I I \
o 10 20 30 40

Radius (um)

(0]

The achievement of absorption imaging at dilution temperatures enabled us to extract the spatial density
distribution of trapped paraexcitons and to observe the paraexciton condensate [7]. Fig. 1 shows the
radial profile of the density distribution at various excitation powers. The radial profile at excitation
powers above 1.6 mW distinctly exhibits a non-Gaussian distribution and an appearance of the localized
dense signal around the bottom of the trap potential, which corresponds to the paraexciton condensate.
The expansion of the paraexciton condensate as a function of the paraexciton density suggests that the
exciton-exciton interaction is repulsive. Application of the Gross-Pitaevskii equation allowed us to
estimate the scattering length of paraexcitons to be 4 £ 2 nm. While these phenomena are interpreted by
conventional theory for BEC, the maximum condensate fraction that we observed is 0.016, which is two
orders of magnitude smaller than that expected for an ideal Bose gas. This difference may be a
characteristic of the composite boson in a non-equilibrium open system with a balance between
generation and decay, such as the finite lifetime of paraexcitons, two-body inelastic collisions between
paraexcitons, and suppression of the thermal relaxation processes.
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Van der Waals (vdW) heterostructures host many-body quantum phenomena that can be tuned in situ
using electrostatic gates [1-3]. These gates are often microstructured graphite flakes that naturally form
plasmonic cavities, confining light in discrete standing waves of current density due to their finite size.
Their resonances typically lie in the GHz - THz range, corresponding to the same peV - meV energy
scale characteristic of many quantum effects in the materials they electrically control. This raises the
possibility that built-in cavity modes could be relevant for shaping the low-energy physics of vdW
heterostructures. However, capturing this light-matter interaction remains elusive as devices are
significantly smaller than the diffraction limit at these wavelengths, hindering far-field spectroscopic
tools. Here, we report on the sub-wavelength cavity electrodynamics of graphene embedded in a vdW
heterostructure plasmonic microcavity [4]. Using on-chip THz spectroscopy, we observed spectral
weight transfer and an avoided crossing between the graphite cavity and graphene plasmon modes as the
graphene carrier density was tuned, revealing their ultrastrong coupling Fig. 1.
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Fig. 1: Plasmonic microcavity setup for ultrastrong coupling of collective modes in 2D materials. (a) Schematic of
a 2D material embedded in a sub-wavelength (W <« Aty,) plasmonic cavity formed by a few-nm graphite flake and
surrounding dielectric environment. A collective mode of a 2D material (red), such as a graphene plasmon studied
in this work, can hybridize with the plasmonic bare cavity mode (blue). (b) The frequency of the screened plasmonic
mode in the 2D material (light magenta line) is tuned with carrier density into resonance with the screened bare
cavity mode, vy (light blue line). The cavity and plasmon modes hybridize due to coupling mediated by unscreened
currents between the metal traces and an avoided crossing appears, with an energy splitting of twice the coupling
strength, g. When 1, the ratio of g/vo, exceeds the value of 0.1, the system is in the ultrastrong interaction regime.

Our findings show that intrinsic cavity modes of metallic gates can sense and manipulate the low-energy
electrodynamics of vdW heterostructures. This opens a pathway for deeper understanding of emergent
phases in these materials and new functionality through cavity control [5].
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Ultrafast time-reversal symmetry breaking without magnetic fields in

2D heterostructures
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The ability to store and manipulate information encoded onto the spin angular momentum is of central
interest in spintronics, quantum information science and novel spin-based low-energy electronics
modalities [1]. Ferromagnetic materials have been at the center of focus for this purpose, but exhibit
severe limitations. Alternatively, one may rely on materials with broken inversion symmetry and strong
spin-orbit coupling. Such Rashba systems permit however only the manipulation of spin texture and not
of spin polarization, limiting the modalities available for spintronic device implementations. In this
regard, the ability to generate spin polarization and spin current on femtosecond time-scales has been
even more challenging: Current approaches relying on superdiffusive spin-transport in ferromagnetic
structures are limiting due to the need for external magnetic fields. Here we show that it is possible to
create spin polarization on ultrafast timescales by transient symmetry breaking in an otherwise inversion
symmetric material. We combine time-, spin- and angle-resolved photoemission (ARPES) to drive
interfacial charge-transfer in the 2D heterostructure of Cgo on the diamagnetic and inversion symmetric
[2H] polymorph of WSe,. Optical excitation of Cgy drives electrons to WSe, on a time-scale of a few
hundred fs, and the charge-separation is accompanied by the build-up of a layer-dependent electric field
across the heterointerface. This electric field induces a layer-dependent Stark shift.

(a) (b)

Valence bands

Fig. 1 Ultrafast time-reversal symmetry
breaking without magnetic fields in 2D
heterostructures.. a) First Brillouin zone of
WSe2 showing the two different layers of the
unit cell (green and red) and the large spin-
orbit splitting at the K and -K points (blue
and green). b) Heterostructure of one
monolayer of Cg on [2H] WSe,, and the
symmetry-breaking electric field induced by
interfacial charge transfer.
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Since the unit cell consists of two layers of WSe,, this breaks the inversion symmetry of [2H] WSe, in
the near-surface region. Consequently, the layer degeneracy is lifted, and the ensuing transient layer
polarization couples to the valley degree of freedom. Because of the presence of strong spin-valley-layer
locking in materials such as WSe,, the layer- and thus valley-polarization creates a transient layer-
dependent spin polarization. We track the evolution of all relevant excited and charge-separated states as
well as the band edges at high symmetry points of the Brillouin zone by time- and spin-resolved
ARPES, demonstrating unambiguously that time-reversal symmetry can be broken in heterostructures of
diamagnetic materials, without the need for an external magnetic field or ferromagnetic structures [2].
Our work constitutes a new path for ultrafast spin manipulation without the need for external magnetic
fields and in diamagnetic heterostructures, and may pave the way to ultrafast generation of spin currents.

References

[1] A. Hirohata, K. Yamada, Y. Nakatani, I.- L. Prejbeanu, B. Dleny, B.Pirro, B. Hillebrands, Journal of Magnetism and Magnetic Materials 509
166711 (2020)

[2] B. Arnoldi, S.L. Zachritz, S. Hedwig, M. Aeschlimann, O.L. Monti, B. Stadtmiiller, Nature Communications 15, 3573 (2024).

[3] X. Zhang, Q. Liu, J.W. Luo, A.J. Freeman, A. Zunger, Nature Physics 10, 387 (2014).

*We acknowledge support by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)}—TRR 173 —268565370 Spin+X: spin

in its collective environment (Project A02) and by the Air Force Office of Scientific Research under award FA9550-21-1-0219. B. Stadtmdiller
acknowledges financial support from the Dynamics and Topology Center funded by the State of Rhineland Palatinate.



Revealing unconventional quantum echoes and pseudo-spin soliton states in

Superconductors via terahertz 2D coherent spectroscopy
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Terahertz (THz) two-dimensional coherent spectroscopy (2DCS) has emerged as a powerful technique for
probing the complex dynamics of quantum materials. This method enables the direct observation of
coherent quantum phenomena by tracking the interactions and temporal evolution of quantum states at THz
frequencies. In superconductors THz 2DCS provides unique insights into the collective excitations and
non-equilibrium dynamics of the order parameter, which are crucial for understanding the fundamental
physics governing superconductivity and exploring novel quantum states that could be harnessed for future
guantum technologies [1-5]. In this talk, we will discuss the discovery of two unconventional phenomena in
superconductors revealed through THz 2DCS. The first example is the observation of an unconventional
quantum echo in a niobium superconductor, emerging at the Higgs mode frequency in THz 2DCS [6]. This
echo results from the interference between multiple Higgs and quasi-particle coherences. Specifically, a
pair of nearly single-cycle THz pulses modulates the superconducting gap, generating a Higgs dynamical
grating, which scatters echo signals. These echoes are markedly different from conventional echoes
observed in atomic and semiconductor systems. The key features of this unconventional echo include: (1)
previously inaccessible rephasing spectral peaks at the Higgs mode frequency (Fig. 1(a)), (2) pronounced
negative-time signals arising from the anharmonic coupling between Higgs mode and quasiparticle
excitations (Figs. 1(b) and 1(c)), and (3) an asymmetric delay in echo formation that extends beyond the
limits set by inhomogeneously broadened oscillators (Fig. 1(d)). These findings shed light on the unique
nonlinear dynamics of superconductors and highlight the potential of Higgs echo spectroscopy in probing
quantum coherence in these systems.
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Fig. 1 Higgs echo spectroscopy of a Niobium superconductor. (a) Two-dimensional Fourier transform of the
measured nonlinear differential transmission Ey (7, 7), created by THz pump electric fields of Eng ~ 50 kV cm—1 at 4
K, showing Higgs echo signals (blue circles) in addition to Higgs signals (black circles). (b), (c) Higgs-echo
signals ABB and BAA in time domain resulting from the inverse Fourier transformation of the signals indicated by
blue circles in (a). The ABB (BAA) pulse sequences show a negative time signal (red arrows) when pulse B (A)
arrives before pulse A (B). (d) Temporal positions of the ABB and BAA echoes, t. (blue and black lines), are time-
delayed compared to both driving pulses (dashed red lines). Remarkably, the echo formation time exhibits a
pronounced deviation from symmetric temporal positions relative to the pulse-pair excitations (depicted by gray
lines), deviating notably from conventional photon echoes.



Building on these observations, we further explored the impact of intense THz pulses on superconducting
condensates, leading to the discovery of a pseudo-spin soliton state. In this second example, we
demonstrate that intense, multi-cycle THz laser pulses can induce a transition to this pseudo-spin soliton
state in an iron-based superconductor. This soliton state arises from the synchronization of individual
Cooper-pair states, leading to undamped oscillations of the order parameter. The transition to the soliton
state is characterized by the emergence of Floquet-like spectral sidebands (Fig. 2(c)-(e)), which display
highly nonlinear dependencies on temperature and the THz field strength.
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Fig. 2 Discovery of pseudo-spin solitons in a FeAs superconductor. (a), (b) Simulated order parameter dynamics in
a multiband superconductor driven by a multi-cycle wo =1 THz pump pulse for a weak (gray line) and a strong
THz electric field (blue line) (a) and the corresponding spectra (b). Traces are offset for clarity. The order
parameter dynamics exhibits second-harmonic oscillations during the excitation process for weak THz field
excitation (gray line), resulting in a second-iarmonic generation peak at w = 2wy in the spectrum ((b), vertical black
line). Above a  critical driving field (blue line), the order parameter dynamics is characterized by undamped
oscillation which persist after the pulse. The corresponding order parameter spectrum shows a strong signal at ws, =
7.5 meV ((c), vertical magenta line), which we identify as a pseudo-spin soliton (dashed cyan lines in (a) and (b)). (c),
(d)Simulated pump-probe spectra for three different pump electric field strengths in linear and semi-logarithmic
scales. A soliton sideband peak develops at @ = 2wq - ws, (dashed magenta line) above critical driving field.
Dashed (solid)  black lines indicate fundamental (second harmonic) generation peak. (e) Measured pump-probe
spectra show the emergence of soliton sideband with increasing pump field strength.

We propose that these sidebands result from difference-frequency nonlinear processes between the THz
excitation and solitons in the non-equilibrium superconducting state. This interpretation is supported by
quantum kinetic simulations of the Anderson pseudo-spin model driven by multi-cycle THz pulses (Fig.
2(a)-2(d)), which reveal the synchronization of a continuum of pseudo-spin oscillators, analogous to Dicke
superradiance. The emergence of this synchronization during the latter part of the multi-cycle THz pulse
underscores the complex interplay between the order parameter and the pseudo-spin dynamics in
superconductors. The observation of pseudo-spin soliton states not only underscores the potential of THz
2DCS to unlock new quantum phenomena but also holds promise for advancing quantum technologies,
such as above-GHz speed quantum gates, quantum memory, and sensing applications that exploit enhanced
coherence.
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Nonlinear light-matter interactions: fundamentals and applications
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Nonlinear light-matter interactions continue to entice us with new prospects for fundamental
understanding and spectroscopic applications. Strong tailored light pulses at terahertz (THz) and mid-
infrared frequencies offer particularly fertile ground for new discoveries involving collective
excitation mechanisms and the study of quasiparticles and their couplings. Here, we present two
examples that illustrate these possibilities. In the first example, we find that strong THz fields can
achieve nonlinear control of magnon modes based on their nonlinear couplings, which manifest as
magnon upconversion [1], magnon-magnon mixing that generates coherent photon emission at
magnon sum and difference frequencies [2], and magnon parametric amplification. Our observations
have been conducted using a 2D THz polarimetry technique (see Fig. 1a), which is made possible by
single-shot detection of coherent THz signals [3,4]
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This method allows us to rapidly collect over a hundred 2D THz spectra with various crystalline
orientations relative to the incident THz field polarization, enabling us to reveal the underlying
symmetries of unique nonlinear excitation pathways. We focus on the prototypical antiferromagnetic
insulators YFeO3; and ErFeOs, in which the two adjacent spins in the unit cell are
antiferromagnetically ordered but slightly canted, giving rise to a small net magnetization. This
unique magnetic structure allows for two distinct magnon modes, known as the quasi-ferromagnetic
(gFM, involving precession of the magnetization about its initial direction) and quasi-
antiferromagnetic (QAFM, involving modulation of the magnetization amplitude) modes, as shown in
Fig. 1b. The modes are driven by orthogonal THz magnetic field polarizations. We drive a crystalline
sample with a pair of variably time-delayed THz pulses, and we measure the full time-dependent THz
signal field that emerges from the sample on each laser shot. 2D Fourier transformation of the
nonlinear signal with respect to the inter-pulse delay time and the signal field measurement time
yields a 2D spectrum, which reveals a surprising set of four emergent peaks that appear only when
both magnon modes are driven out of equilibrium by THz fields that are polarized between
crystallographic axes (see Fig. 1a) [2]. Two of these signals (SFG | and SFG 11) are detected at the
sum frequency of the two magnon modes, while the other signals (DFG | and DFG 1) are detected at
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the difference frequency. The presence of these peaks indicates that second-order nonlinear sum and
difference frequency generation occur as a result of interactions between distinct magnons. The two
excitation frequencies (I and Il) reveal the time-ordering of the two THz field interactions that first
generate one magnon coherence and then generate the sum or difference-frequency signal. In other
measurements, we find that nonlinear driving of the gFM mode only (with THz fields polarized
perpendicular to the initial magnetization direction) results in a coherent response of the gAFM mode,
revealed by coherent signal polarized along the initial magnetization direction [1]. This occurs
because precession of the magnetization decreases its component along its initial direction, which
corresponds to excursion of the gAFM mode. This is a unidirectional nonlinear coupling mechanism
that should be ubiquitous in this material class. The second example explores the nonlinear excitation
of carriers by sub-bandgap laser pulses to induce photoluminescence (PL) in the unconventional
semiconductor CrPbBr3; [5]. In our experiments, we generate an infrared laser pulse with photon
energy below the bandgap and focus it on the sample at room temperature (Fig. 2a). We then resolve
the resulting PL spectrally and measure it as a function of the driving electric field amplitude. Figures
2b and 2c display the field-dependent PL spectra for two selected pump photon energies (0.62 and
0.25 eV), both significantly below the 2.34-eV bandgap. The data clearly show that substantial PL
signals can be detected for both photon energies when the pump electric fields are sufficiently strong.
By varying the frequency and amplitude of the driving AC fields, we address the fundamental
question of when the light acts quantum mechanically, as quantized units of energy that undergo
multiphoton absorption, and when it acts as a classical field that pulls on charged electrons and may
exceed a threshold for ionization.
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Fig. 2. a- Schematic illustration of the experimental setup for photoluminescence (PL) measurement; b- E-field-
dependent PL spectra pumped at 0.62 eV and a characteristic spectrum at E = 9 MV/cm; c- E-dependent PL spectra
pumped at 0.25 eV and a characteristic spectrum at E = 14.7 MV/cm.

Our results align with Keldysh's 1964 treatment of the transition from multiphoton absorption to field-
induced electron tunneling under intense AC driving forces [6]. We are able to fully span the transition
region and the regimes far from it.
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Terahertz control of magno- phononlcs In van der Waals antlferromagnets
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Coherent manipulation of magnetism via lattice provides unprecedented opportunities for controlling
spintronic functionalities on the ultrafast timescale [1,2]. By coherently driving magnons and phonons in
the THz spectral range, a vast array of phenomena can emerge from their intricate coupling. Here, 1 will
present two demonstrations that leverage the strong coupling between magnons and Raman-active
phonons in van der Waals antiferromagnets. First, | will discuss how this interaction facilitates both
linear and quadratic excitation of magnon-polarons — magnon-phonon hybrid quasiparticles — using
intense THz pulses. This approach provides an innovative method to control quasiparticle dynamical
symmetry by tuning the THz field strength and polarization. The polarimetry of the resulting coherent
oscillation amplitude reveals a breaking of the crystallographic C, symmetry, driven by strong
interference between the two excitation channels. Second, | will demonstrate how nondegenerate chiral
phonons can be induced by coupling to chiral magnons. Such nondegeneracy enables their coherent
excitation with linearly polarized terahertz pulses. By tuning the terahertz drive polarization and
measuring phase-resolved polarimetry of the resulting coherent oscillations, we determine the ellipticity
and map the trajectory of these hybrid quasiparticles.
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Fia. 1. Left: Schematic of the broadband THz pump and 800 nm polarization ellipticity probe setup with a
characteristic time trace and its Fourier transform with maanons (blue). phonons (red). and hvbrid magnon-
polarons (purple) highlighted. Right: Expected and experimentally measured polarimetry of different modes.

Our findings outline a novel roadmap towards phonon-controlled spintronic functionalities and unlock a
wide range of possibilities to manipulate material properties, ranging from generation of metastable
magnetic states via displacive phonon excitation to the modulation of exchange interactions by phonon-
Floquet engineering [3].
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Many-body interactions on linear and non-linear optical properties of

Low-dimensional materials
V. Perebeinos
SUNY University at Buffalo, Buffalo, NY 14260, USA

Atomically thin two-dimensional materials are direct bandgap semiconductors with a rich interplay of the valley
and spin degrees of freedom, which offer the potential for electronics and optoelectronics. A strong Coulomb
interaction leads to tightly bound electron-hole pairs or excitons and two-electron one-hole quasiparticles or
trions. We solve the two-particle and three-particle problems for the wavefunctions for excitons and trions in
the basis set of the model- Hamiltonian for single particles. The calculated linear and nonlinear absorptions,
photoluminescence spectra, and polariton spectra as a function of doping and temperature explain the
experimental data in 2D monolayers and predict novel spectroscopic features due to the many-body Coulomb
interactions [1-5].
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Exciton lifetime plays a crucial role in optoelectronic applications. I will also discuss the phonon-assisted Auger
non-radiative decay mechanism of excitons in doped 2D materials [6]. Finally, I will discuss the role of many-
body interactions on second harmonic generation in carbon nanotubes [7].
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Imaging valence-electron motion in solids
D. A. Reis
Stanford PULSE Institute, Menlo Park, CA 94025, USA

X-ray free-electron lasers have emerged as powerful probes of the structure and dynamics of matter on the
relevant length and time scales of atomic motion in chemistry and materials. Yet much of chemistry and the
functional properties of materials depend on the valence electron density that is only a small fraction of the
electron density. Here we will describe recent results on x-ray scattering from optically-driven crystals, where
phase-matched nonlinear sum frequency generation is particularly sensitive to the valence electron motion
within a unit cell. In this case the scattered x rays appear as sidebands in energy and momentum about the
ordinary elastically scattered Bragg peaks and their amplitude is proportional to the magnitude square of the
spatial and temporal Fourier components of the driven charge density [1-4]. We present measurements of the
first and second order sidebands in single crystal silicon excited below the band gap [5]. We find that the
polarization dependence of the second order sideband from a single Bragg peak already reveals important
information about the local symmetry of the interstitial electrons, even without knowing the phase of the
nonlinear structure factors. Extension of this method to imperfect crystals will allow us to probe the
microscopic origins of the strong-field and far-from equilibrium response in a variety of materials. We will thus
also describe the first x-ray an optical mixing measurements on MgO using a purpose-built monochromator and
analyzer on the PAL-XFEL[5]. Finally, we expect to report results of experiments on LCLS which will be
conducted a few weeks before the conference.
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Layered transient structures induced b%/ pulsed energy in semiconductors
M.K. Rafailov
University of Alberta, Edmonton T6G 1H9, Canada

High peak power low energy pulse, inducing nonequlibrium state and may create curious transient
structures in a bulk semiconductor. Negative Photoresponse - NPR [1] was observed as a result of such
interaction and has been broadly discussed with the purpose to find potential applications as well to
understand its counter-intuitive nature. Fig.1 show such a response in specific types of photodetectors
where instead of predicted unipolar response [2], very long lasted voltage with changed polarity has
been observed. NPR that is lasting up to ms and depends only on pump intensity and pulse dwell time,
is a combination of two factors-electronic responses to excitation and transient structure dimensionality
(depth) defined by excitation-resulted material bleaching-Fig.1 .
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Fig.1. Left. NPR-excitation by short pulse Irradiation: NPR lasting up to us experimentally observed in Ge & Si-
p-i-n diodes; inset -modulated low intensity signal structure is fully preserved with the NPR; Right: Simulated
bleaching in Si - after [2].

With respect to pulse "time of fliaht" a transient bleached structure exists for up to us [21. That opens a
new opportunity for extendina of noneaulibrium lifetime in semiconductor structures-specifically ones
with p-n junctions, under periodic excitation with below MHz pulse rate. From one side it opens new
opportunities in remote sensina, while, since bleachina depends on pulse fliaht time -which is for 10fs
in Ge is~750nm, a lavered combination of electrically isolated 2D p-n or p-i-n structures may be used
as an effective power-aeneratina device even for cw-sources. Few plausible mechanisms for explanation
of the NPR have been discussed, most recently in [3]1. The same principle also can be used while train
of electric pulses is used as a pumpina source. Speed difference in 6-orders leads to considerina ns-
dwell time electric pulses as "ultrafast” for such excitation, while the dwell time defined by dimensions
of a material. In such a case the onlv limitations for pulse width and. thereto pumpina power will be the
capacitance-C which is directly depends on laver thickness. And in such a case we may need a potential
or bias to move pulses across a laver, While results of positive response is stronaly dependina on R-C
parameters it will be plausible in low dimentionals semiconductor structures to see above mentioned
envelopina of noneaulibrium with carrier velocity. Farther considerina electronic pumpina of such low
dimensional structures, it has been once tested in oraanic liaht emittina diodes [4] electronic pumpina
stronaly depends on capacitance-size of the structure demonstrated high efficiency in maintain
nonequlibrium even in relatively thick materials-Fig.2.
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Using transient lavered structures as well as switching to electronic pumpina, is a plausible way for
proliferatina nonequlibrium-related phenomena in multiple applications: from above-THz electronics to
remote sensing, and photovoltaics in general.
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Ultrafast pump-probe nano-imaging of coupled polaron-cation dynamics

in triple cation perovskites
M. B. Raschke
University of Colorado, Boulder, CO 80309, USA

Ultrafast infrared spectroscopy in its extension to nano-imaging provides access to vibrational and low
energy carrier dynamics in molecular, semiconductor, quantum, or polaritonic materials. In addition, to
simultaneously probe both ground and excited state dynamics we have developed ultrafast heterodyne
pump-probe nano-imaging with far-from-equilibrium excitation. In ultrafast movies with simultaneous
spatial, spectral, and temporal resolution we can image heterogeneities in electron-phonon, cation-
lattice, and coupled polaron dynamics on their elementary time and length scales (Fig. 1) [1,2].

Fig. 1. (A) Development of ultrafast nano-imaging in
heterodyne fs s-SNOM resolving excited state dynamics
with fs-nm spatio-spectral-temporal resolution. (B). In
ultrafast movies with electronic pump and low-energy IR
probe spectroscopy heterogeneities in electron-phonon,
cation-lattice, and coupled polaron dynamics can be
resolved on the elementary time and length scales.

.

As exemplary application we use this approach of ultrafast pump-probe nanoimaging to provide a real-
space and real-time view of the coupled electron-lattice dynamics underlvina the photophysical response
of hvbrid oraanic-inoraanic perovskites. Their photovoltaic performance and other photonic functions
are still poorly understood in part because of the multi-scale chemical and structural heteroaeneities.
While polaron formation followina the photoexcitation is believed to relate to the effective carrier
transport observed, the elementary physical processes underlvina electron-phonon coupling to both the
perovskite lattice and molecular cations constituents have not yet been resolved.

First, in ultrafast visible-pump infrared-probe nano-imaging we resolve the photoinduced carrier
dynamics in triple cation perovskite films, with a ~20 % variation in sub-ns relaxation dynamics with
spatial disorder on tens to hundreds of nanometer which we attribute to the heterogeneous evolution of
polaron delocalization and increasing lifetime (Fig. 2) [3].
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Haa . "H Fig. 2. (A) Ultrafast nano-imaging of photoinduced
H v H o, polaron dynamics in triple cation perovskites. (B) Ultrafast
IRG: — ” movie resolving heterogeneity in carrier dynamics and
o i polaron radius underlying the performance of perovskite-
H __™H i ' »%  hased photophysical devices of solar cells, lasers, and light
H =g ﬂ: ‘ ’ emitting diodes.
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We then applv a combination of around and excited state spectroscopic nanoimaaina of the
formamidinium (FA) cation vibration where we use vibrational solvatochromism as a probe of the static
and dvnamic evolution of the local molecular environment. A transient vibrational blueshift we model as
sianature of nano-scale spatial variations in the polaron-cation coupling based on a combination of
vibrational Stark shift, FA orientation. and lattice-field effects [41.

The high degree of local variation in polaron-cation coupling dynamics points towards the missina link
between the optoelectronic heteroaeneity and associated carrier dvnamics. The results suaaest that there
is a lot of room for improved svnthesis and device engineering and that perovskite photonics
performance is far from any fundamental limits.
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Quest to reveal the Higgs excitation in superconductors by NEARS
M. Ribhausen
Universitat Hamburg, 22761 Hamburg, Germany

The U(1) gauge invariant version of the superconducting BCS state as formulated by P.W. Anderson is
characterized by the Higgs mode as the elementary excitation of the superconductor in the two particle
channel [1]. This mechanism inspired Y. Nambu and in particular P. Higgs to formulate the Higgs
mechanism for elementary particle physics leading subsequentially to the discovery of the Higgs particle
[2-3]. Varma pointed out early that the Higgs particle is a Raman active excitation. [4] Indeed experiments
by Sooryakumar and Klein showed the first measurement of the Higgs mode in superconductors already in
1980 - a finding later confirmed in 2014. [5,6] Due to its weak coupling to light the Higgs mode remained
quite elusive to experiments, despite the case in NbSe, where it gained strength in the Raman cross section
by coupling to a CDW. However, over the past 20 years there was a continuous build up of experimental
evidence for the Higgs mode in Raman scattering of HTCs. Already in 2005 Budelmann et al. noticed by
using resonance Raman spectroscopy a distinct in-gap quasiparticle excitation as part of the overall gap
feature seen in HTCs.[7] In 2009 Saichu et al. obseverd and in gap feature reacting on a pump on a
different time scale as compared to the expected pair breaking peak suggesting the presence of a distinct in-
gap excitation.[8] Since then many studies by different techniques in particular THz measurements have
provided a growing body of evidence for the presence of the Higgs mode.[9]
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Fig. 1. Left :Nonequilibrium Raman instrument for the simultaneous measurement of energy gain and energy loss
data. At infinite temperatures the energy gain and energy loss data would be equal. The NEARS measurements show
a stronger Anti-Stokes (energy gain) contribution compared to the Stokes contribution which is only possible when
pumping a novel state in the superconductor leading to population inversion. We assign this state tentatively to the
Higgs mode and derive the excitation landscape of a superconductor in the single particle and two-particle channel
(see panel on the Right). Figures are taken from Ref. [10].

However, Raman scattering is susceptible to a combination of pair breaking excitations and
superconducting quasiparticle excitations. The development of non-equilibrium Raman scattering
(NEARS) allows to discriminate the different contributions by comparing the Anti-Stokes and Stokes
(energy gain / energy loss) spectra in order to identify modes that get populated in a superconductor after a
quench of the Mexican hat potential (see Fig. 1 — left) . We will discuss the detailed measurement
procedure and will outline the presence of a new in-gap mode in the superconducting state. Its symmetry
dependent behavior is consistent with the Higgs mode in the superconductor and incompatible with other
excitations. From the fits it is then possible to determine the excitations landscape of a superconductor (see
Fig.1, right). We will also outline future plans to further support our assignment and what needs to be done
to systematically evaluate the presence of the Higgs mode in HTCs.
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Controlling excitons in 2D semiconductor heterostructures
J. R. Schaibley
University of Arizona, Tucson, Arizona 85721, USA

Two dimensional (2D) semiconductors, such as MoSe, and WSe,, host tightly bound excitons (electron-
hole pairs) that interact strongly with light. These monolayer semiconductors can be stacked together to
realize heterostructures that exhibit new excitonic effects. In this presentation, | will discuss the optical
response of two different 2D semiconductor heterostructures. First, 1 will review the progress towards
understanding interlayer excitons (1Xs) in MoSe, -WSe, heterobilayers. These IXs host a rich moiré
physics associated with the spatially modulated interactions between layers. | will discuss our recent
discoveries related to exciton transport in structures that have a hBN separator between the MoSe; and
WSe, layers. IXs also possess a large permanent dipole moment that allows for their energy to be tuned
with an out-of-plane electric field. By nano-patterning a gate on top of the MoSe,-WSe; heterostructure,
we have demonstrated quantum dot-like potentials (Fig.1. a-b), which have potential applications toward
realizing deterministic single photon emitters [1, 2].

a b 4000
30 nm

Fig. 1. (a) Depiction of a
MoSe,-WSe, heterostructure
with a nanopatterned top
Free IX gate. (b) Photoluminescence
spectra as a function of
applied top and bottom gate
voltage (Vtg, Vbg). The
spatial modulation of the
out-of-plane electric field
(due to the hole) results in a
trapped IXs under the
nanopatterned hole shown in
b. (c) Depiction of the IX
ramp device consisting of
nanopatterned long, skinny
isosceles triangles in the top
bilayer graphene gate. (d) A
COMSOL simulation of the
out-of-plane electric field
shows a ramp/slide energy
potential for 1Xs that is used
for high speed IX transport.
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Using the same architecture, we have demonstrated high speed IX currents based on “slide” like quasi-
one dimensional channels (Fig.1, c-d), which have applications to excitonic circuitry [3].
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Carrier dynamics in models of charge density wave materials and

Excitonic insulators: a density-matrix approach
S. Michael, H. C. Schneider
Rheinland-Pfalzische Technische Universitat Kaiserslautern-Landau, 67653 Kaiserslautern, Germany

Progress in time- and angle-resolved photoemission spectroscopy (trARPES) has made it possible to
investigate the ultrafast non-equilibrium material response after optical excitation [1]. For complex
materials, the “symmetry” can be changed via optically induced phase transitions [2], which offer new
ways to manipulate material properties on ultrafast timescales. We theoretically study models of
materials that exhibit a charge-density wave with Peierls and/or excitonic insulator character and study
the quenching of their ordered phase in a microscopic density-matrix approach. For a model system of a
quasi-twodimensional material, which includes both electron-hole and electron-phonon interactions
leading, respectively, to excitonic and coherent-phonon contributions, we discuss how interaction
processes affect microscopic anomalous expectation values and present a dynamical picture of the
guenching of the phase. We use projection techniques to switch between a unit-cell and supercell
representation, which allows us to illustrate the time-dependent appearance of additional bands and
anomalous expectation values. We introduce a model composed of a tight-binding band structure where
the quasiparticle band dynamics is determined by an excitonic and a lattice contribution, leading to the
band structure shown in Fig. 1 (a), (b). The excitonic contributions are included at a quasiparticle level
based on anomalous expectation values and the lattice distortion is modeled by a coherent phonon.
Based on this quasiparticle ground state, we set up the equations of motion for the non-equilibrium
carrier dynamics including the optical excitation, the carrier-carrier as well as the carrier-phonon
scattering contributions.
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Numerical results are presented for the build-up of the equilibrium CDW phase from the normal phase,
the non-equilibrium dynamics during a quenching of the phase due to an optical excitation and the
potential of the setup for optical amplification. The gap dynamics that results in an optical amplification
setup with a high modulation frequency in the midinfrared regime is shown in Fig. 1(c).
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Nonlinear polariton physics: controllina liaht with light in

Semiconductor microcavities

S. Schumacher
Paderborn University, 33098 Paderborn, Germany

Polaritons in planar semiconductor microcavities are composite particles formed from photons and
excitons. They inherit long-lived coherences from their photonic part while polariton-polariton
interaction gives rise to strong nonlinearities. In recent years, polariton systems have proven a fruitful
playground for nonlinear photonics, with a broad spectrum of fundamental physics and concepts for
novel functional photonic elements to explore. Nowadays, polariton condensation is quite routinely
observed up to room temperature using for example perovskite semiconductors as the optically active
material [1], increasing the potential technological relevance of our studies. We will introduce the
subject and give an overview of some of our recent work, time permitting including examples covering
polariton vortex formation and control [2], quantum properties of polaritons [3,4], and the interplay of
non-Hermitian physics and nonlinearity [5]. We will discuss in detail how spatially shaping the intensity
profile of an off-resonant excitation laser can be used to create optically induced and re-configurable
potential energy landscapes. This allows to control the flow of polaritons in the two-dimensional plane
or to create, stabilize, and trap fundamental topological excitations such as solitons and vortices. For
example in an annular trap, a polariton vortex can be created and subsequently controlled, such that its
rotation direction (or vortex charge) can be switched with an ultrashort light pulse, cf. Fig.1. This
switching of vorticity in turn can be detected in the finite orbital angular momentum of the light emitted
from the system [2].

Emission intensity
Ultrashort ~ -

laser pulse
switches
optical bit

Fig. 1 Polariton vortex formation and control in an optically induced annular trap. After [2].

Furthermore, we may touch upon some of our other recent activities in the field. This includes the
extension of our semi-classical analysis of the polariton condensate dynamics to the tomography of
polariton quantum states, for example leading us to investigate the polariton quantum coherence and
allowing the re-construction of the system density matrix [3], proposals for the realization of
macroscopic analogues of qubits in polariton systems [4], and the interplay of non-Hermitian physics
and nonlinearity [5].
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Fast light-driven antiferromagnetic domain walls
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The ability to quickly and precisely manipulate domain walls in magnetic materials is critical for novel
high-speed spintronic memory and computing devices [1-5]. Antiferromagnetic (AFM) materials are
promising for such devices because their fast spin dynamics can enable high domain wall velocities [6].
However, we are still at the dawn of understanding how to drive and detect fast AFM domain wall
motion. Recent studies have mostly focused on current-induced domain wall dynamics via spin-transfer
or spin-orbit torques in ferrimagnets and synthetic antiferromagnets [3, 5], leaving a wide variety of AFM
material platforms and driving mechanisms unexplored. In this talk, we describe a different approach to
driving fast AFM domain walls using light-induced coherent spin waves. Using the room-temperature
easy-plane AFM insulator Sr,Cu3O04Cl,, we demonstrate direct spatiotemporal imaging of AFM domain
walls using time-resolved second-harmonic generation (Fig. 1a), allowing us to study the effect of
ultrafast laser excitation on domain wall dynamics. We observe fast coherent AFM domain wall motion
with velocities of ~50 km/s (Fig. 1b, ¢). The motion direction is controllable through both the helicity of
the pump laser pulse and the winding number of the domain wall. These observations are explainable by
the presence of large-amplitude AFM spin waves that coherently drive the domain wall spins, a picture
supported by simulations. Our work reveals new opportunities for light-driven coherent AFM domain
wall manipulation.

(a) o 20 (b) (c

t<0 1ps 150 ps 40

.~

-
-40 |

= .

0 200 400 600 800 1000 1200
Time (ps)

e

olCP
oRCP 7
20r 1

mo
[

g
9
q
g
)
o
§
G
T
@

Velocity (km/s)
=

Fig. 1. (a) Schematic of pump-probe SHG imaging experiment. (b) SHG images of an antiphase domain wall at
selected pump-probe time delays for linear, left circular, and right circular pump polarizations. The dashed oval
indicates the pump excitation spot. The vertical scale of each image is 20 um. (c) Velocity of the domain wall center
(at the location of maximum movement) over time for different pump polarizations.

Our work reveals new opportunities for light-driven coherent AFM domain wall manipulation.

References

[1] D. A. Allwood, G. Xiong, C. C. Faulkner, D. Atkinson, D. Petit, R. P. Cowburn, Science 309, 1688 (2005).

[2] S. S. P. Parkin, M. Hayashi, L. Thomas, Science 320, 190 (2008).

[3] D. Kumar, T.Jin, R.Sbiaa, M.KIlaui, S.Bedanta, S.Fukami, D.Ravelosona, S.-H.Yang, X.Liu, S.N.Piramanayagam, Journal of Applied Physics 958, 1(2022)
[4] Z. Luo, A. Hrabec, T. P. Dao, G. Sala, S. Finizio, J. Feng, S. Mayr, J. Raabe, P. Gambardella, L. J. Heyderman, Nature 579, 214 (2020).

[5] L. Caretta, C. O. Avci, APL Materials 12, 011106 (2024).

[6] O. Gomonay, T. Jungwirth, J. Sinova, Nature Physics 14, 213(2018).

* Acknowledgement(s): SHG experiments were supported by the Institute for Quantum Information and Matter (IQIM), an NSF Physics Frontiers Center
(PHY-1733907), and the Brown Science Foundation. KLS acknowledges a Caltech Prize Postdoctoral Fellowship. The work at Stanford and SLAC (crystal
growth and sample characterization) was supported by the U.S. Department of Energy (DOE), Office of Science, Basic Energy Sciences, Materials
Sciences and Engineering Division, under contract DE-AC02-76SF00515.



Revealing the magnetization dynamics and spin polarization in

Compensated magnets on ultrafast timescales
B. Stadtmuller
Augsburg University, 86159 Augsburg, Germany

Fundamental to the advancement of spintronics and quantum technology in solids is the ability to
encode, manipulate and store information about the spin angular momentum of electrons on ever faster
timescales. To date, ferromagnets have been the natural driving target for these efforts, leading to optical
manipulation schemes that can change the spin order on the timescale of optical excitation. However,
intrinsic limitations of ferromagnets in terms of miniaturization and efficiency have prompted the search
for compensated spin systems that can still support (ultrafast) spin functionalities.Therefore, in this
contribution, we shed light on the ultrafast magnetic response of the two known classes of compensated
magnets, namely antiferromagnets (AFMs) and the recently discovered class of altermagnets. This class
of compensated magnets is characterized by the broken time-reversal symmetry and the momentum-split
band structure [1], which distinguishes them from the more conventlonal AFMs with thelr spin-
degenerate band structure as shown in Fig. 1. '
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Fig. 1 Illustration of the two classes of compensated Fig. 2 Temporal evolution of the MOBF signal of a
magnets. (a) Collinear spin arrangement and spin density Pt(2nm)/NiO bilayer structure after optical excitation
on the crystal structure. Sketch of the band structure (b) with fs IR pulses. The data points are shown as colored
and Fermi surface (c) of both types of collinear dots, while the solid lines represent simulated traces
compensated magnets. (Adapted from [1]) obtained by a temperature-based model.

First, we focus on the ultrafast magnetization dynamics of collinear antiferromagnets (AFMSs). For such
compensated magnets, recent experiments have demonstrated the possibility of optically exciting (THz)
magnon modes, opening up new possibilities for manipulating AFMs [2] on picosecond timescales.
Here we show that these timescales can be further reduced by exploiting the strong non-equilibrium
excitation of AFMs using fs laser pulses. For the insulating antiferromagnet NiO, we demonstrate a
substantial reduction of magnetic order on the sub-picosecond timescale. This non-coherent
manipulation of the NiO magnetic order can be achieved either by direct optical excitation of the
electron system with UV pulses or by indirect energy and angular momentum transfer from an adjacent
ultrathin metal film that was optically excited with ultrashort IR pulses. We monitor the transient
changes in the magnetic order of NiO by following the magneto-optical birefringence (MOBF) signal in
an all-optical pump-probe setup [3]. An example data set for a Pt/NiO bilayer structure after excitation
with fs IR pulses is shown in Fig. 2 for different fluences of the pump pulses.Despite the ultrafast
changes in magnetic order of AFMs upon optical excitation, the Kramers degeneracy of the electronic
bands of AFMs prevents the direct optical generation of spin polarization in these compensated systems.
This will be substantially different for the compensated magnets with altermagentic spin order.

In the second part of this contribution, we therefore investigate the ultrafast optical response of
altermagnets with d-wave spin splitting. As an example, we consider ultrathin films of RuO,, for which
signatures of an altermagentic phase have been reported [4]. By combining theoretical calculations with
ultrafast magneto-optics experiments, we demonstrate the generation of a macroscopic spin polarization
in the otherwise fully compensated altermagnet RuO; [5]. Crucially, the sign and magnitude of the
excited spin polarization can be fully controlled by the orientation of the linear polarization of the pump
pulses. This optically generated spin polarization persists for at least 300 fs after the optical (see Fig. 3)
which we attribute to the intrinsic timescale of the spin-flip scattering processes in RuO,.
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Our results thus reveal the fast non-equilibrium magnetic dynamics in d-wave altermagnets and
demonstrate the equivalent of a spin-splitter in the optical domain on ultrafast timescales.
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Nonresonant Raman control of material phases
J. (Tristan) Shi, A. M. Lindenberg
Stanford University, Stanford CA 94305, USA

Important advances have recently been made in the search for materials with complex multi-phase
landscapes that host photoinduced metastable collective states with exotic functionalities, such as high-
temperature superconductivity, ferroelectricity, or topological properties. In almost all cases so far, the
desired phases are accessed by exploiting light-matter interactions via the imaginary part of the
dielectric function through above-bandgap or resonant mode excitation. Nonresonant Raman excitation
of coherent modes has been observed experimentally and proposed as a means of dynamically
controlling material functions [1-3]. However, the atomic excursion driven by this approach has been
perturbative, and these prospects have been hindered by the concomitant excitation of carriers and
subsequent heating-induced sample damage. Here, we demonstrate that it is possible to overcome this
challenge by employing nonresonant ultrashort pulses with low photon energies significantly below the
bandgap [4]. We first achieve this in a prototypical ferroelectric, lithium niobate, using mid-infrared
(MIR) pulse excitation and concurrently monitoring the lattice dynamics using femtosecond stimulated
Raman scattering (FSRS) and second harmonic generation. Large-amplitude ferroelectric soft mode
displacements driven by nonresonant Raman excitation can reverse the Raman polarizability sign (see
Fig. 1A) and the second harmonic phase, indicating a ferroelectric reversal. We extend this to tin
selenide, a material with complex energy landscapes requiring simultaneous excitation of multiple
modes to trigger phase transformation. Using time-domain Raman scattering and time-resolved X-ray
diffraction to monitor MIR-excited tin selenide, we observe the suppression of A; Raman modes beyond
a critical MIR field strength (see Fig. 1B), indicating a new phase formation. Reconstructed atomic
displacements from structural factor changes show distinct lattice dynamics compared to heat or carrier

excitation.
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Further corroborated with first-principle calculations, this discovery introduces a novel phase control
method that goes beyond the conventional resonant excitation approach and unlocks exciting
possibilities for facile manipulation of phases and chemical reactivity with complex energy landscapes
at reduced energy consumption and ultrafast operation speeds.
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Inhomogeneous photosusceptibility of VO, films at the nanoscale
A. J. Sternbach
University of Maryland at College Park, College Park, MD 20742, USA

We investigated an inhomogeneous light induced phase transition in vanadium dioxide (VO,) with
around 250 fs temporal resolution and 20 nm spatial resolution. Following homogeneous free-carrier
injection, we observe inhomogeneous optical contrast that is interpreted as a signature of transient
metallicity. A detailed assessment of the thin film varying the sample temperature, infrared frequencies,
pump-probe time delays, fluences and real-space locations are used to assess the origins of the contrast.
The energetic cost of producing a metallic state is, notably, found to be inhomogeneous. Our results
indicate that the energetic barrier for metallic nucleation is inhomogeneous [1]. Our analysis of the
growth rate indicates that the nucleation is likely to be mediated by pre-existing boundaries within our
film [2].
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Fig. 1. Nano-optical study of the light induced IMT in a VO, film. All data in Fig. 1 were obtained with an initial
temperature T;=330K. a, Schematic of the experiment. A horizontally polarized pump beam (red pulses) initiates the
insulator-to-metal transition. We use a vertically polarized 8 xm wavelength pulsed probe (purple pulse) focused on
an AFM tip to monitor the local near-field amplitude, S, at a variable time delay, At, after photoexcitation. In our
experiments, temperature dependent data is obtained by changing the initial (equilibrium) temperature of the
sample, T;, with a heat stage. b-f, Images of S, using 5.3 nJ of photo-excitation power, obtained b, before
photoexcitation: At = -6.4 ps, and c-f, after photoexcitation: ¢, At=23.6 ps, d, At=53.6 ps, e, At=203.6 ps, f,
At=303.6 ps. g, Dynamics of the pump induced change of the near-field amplitude AS obtained at two
representative locations, Location 1 and Location 2 where values of S are near the extremes of high and low
contrast observed in panel f, respectively. The green, blue, and gray shaded regions mark the first, second and third
stages, respectively, of the three-step response to photoexcitation as described in the main text. h, Data of 4S are
shown against the photo-excitation energy at the same two locations investigated in panel (g). Data collected at
At=250 fs are shown with open circles, while data obtained at At=4 ps are shown with filled diamonds. Note that
systematic inhomogeneity observed at At=250 fs and above Q. likely derives from carriers that have abruptly
transitioned to the metallic state.

Our analysis of the growth rate indicates that the nucleation is likely to be mediated by pre-existing
boundaries within our film [2].
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Superoscillatory terahertz waveform shaping for high contrast

Sensing and imaging
P. Peng, D.R. Lindberg, G. McCaul, D.l. Bondar, D. Talbayev
Tulane University, New Orleans, LA 70118, USA

Given an optical pulse of a limited bandwidth, can we change its capacity to distinguish between two
samples in the linear optical regime by pulse shaping? This general question carries fundamental
importance in optical sensing and imaging and is illustrated in Fig. 1a. The same incident pulse Eq(t)
passes through the samples 1 and 2 and the transmitted fields E;(t) and E,(t) are compared in the time
domain. Our task is to maximize a measure of contrast between the fields E;(t) and E,(t) by changing the
relative amplitudes and phases of the constituent Fourier components of the input pulse Eq(t). We find
that there exists a class of waveforms that maximize the time-domain contrast between the pair of
samples — the superoscillation waveform, where a band-limited signal oscillates faster than its fastest
Fourier component within a limited temporal window. Superoscillations appear in the windows of
destructive interference between the constituent harmonics of the waveform, Fig. 1b. Our results
indicate that superoscillations enable a new functionality in linear optical sensing — the 100-fold
enhancement in the optical contrast of the terahertz wave passing through two similar samples. We
observe the 100-fold contrast enhancement both in our numerical simulations with Gaussian time-
domain harmonics and in our experimental realization with narrow-band quasi-sinusoidal terahertz
harmonics. The current experimental results have been made possible by our group’s recent synthesis of
time-domain terahertz superoscillations [1].
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Out findings carry potentially profound implications for the imaging applications of THz technology —
the improved contrast would be highly beneficial for tumor diagnostics and visualization using THz
light in the medical field, among others. In addition, the significant increase in contrast happens in a
very short observation window. This means that we can drastically shorten the time needed to
construct an image with good level of contrast, which is advantageous for in-vivo imaging because it
can minimize problems caused by extended imaging time, such as occlusion effects.
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Bright sources of sub-picosecond hard x-rays such as x-ray free electron lasers (XFELSs) have revealed
new details of atomic structure, and materials dynamics [1,2]. However, the cost and scale of these
facilities is prohibitive for routine use at research institutes such as universities, and limits the scope and
impact of these sources, and to date, there are only five hard x-ray free electron lasers (XFELS)
worldwide. Inverse Compton Scattering (ICS) is a promising approach to developing scalable ultrafast x-
ray sources at a much lower cost per facility than full-scale x-ray free electron lasers (XFELS), filling a
key parameter area of light sources between single-user rotating anode x-ray sources and large user
facilities like synchrotrons and FELs. ICS-based x-ray sources use the oscillating electromagnetic field of
a laser to replace the magnetic undulators at synchrotrons and XFELs. Optical wavelengths are four
orders of magnitude shorter than a typical magnetic undulator period (microns vs cm) which reduces the
electron beam energy (and concomitant accelerator cost), by orders of magnitude. ICS sources are
flexible depending on the desires of the end user, accommodating ultrashort pulses[3], synchrotron-like
quasi-CW radiation [4], or high energy x-rays[5].The ASU Compact x-ray light source (CXLS) is an
inverse Compton scattering (ICS) source focused on producing ultrafast x-ray pulses for applications in
structural biology, biomedical imaging and materials science research. The source is based on an X-band
linac that accelerates to electrons to 30 MeV electrons. These electrons collide with a 200 mJ, 1 kHz thin-
disk laser to produce hard x-rays rays in the 4-19 keV energy range via ICS. Here, we present the laser
systems design, commissioning results, and first application areas from the CXLS. In this presentation,
we present the latest results and diagnostic tools developed for the production of first Iigght, and designs
for a future light source based on a similar concept. At present, the CXLS produces >10° photons/second
over its full bandwidth, with full-scale operation expected to exceed 10'° photons/second at the source
point. The average flux of this source is comparable to a bend magnet beamline flux at a synchrotron, or
~1% of the on-target average flux of a monochromatized, copper-linac based XFEL (e.g. LCLS, SACLA,
SwissFEL) [6.7]. The source is compact, with an accelerator approximately ten meters long. The entire
facility, includinzq laser systems, microwave power supplies, accelerator, endstations, and support labs,
fits in a 1,000 m* university laboratory space.The CXLS uses two Yb-based laser amplifier systems, both
seeded by the same 72 MHz oscillator (light conversion Flint). The first amplifier is a Light Conversion
Pharos system, producing 1.03 mJ at 1 kHz, with a central wavelength of 1030 nm. The unit has a built in
fourth harmonic module that produces >100 uJ of 257 nm radiation for use in a photocathode. The laser
system used for ICS is a 200 mJ, 1 kHz, 1.5 ps thin-disk Yb regenerative amplifier (Trumpf DIRA 200-
1). The amplifier is seeded by a 10.27 MHz fiber preamplifier that is in turn seeded by the excess output
of the Pharos built-in oscillator, after bending down-counted to the 7th subharmonic from 72 MHz to
10.27 MHz, chirped to 100 ns, and transported to the laser room via an armored fiber cable. A
regenerative amplifier amplifies the chirped pulses to up to 208 mJ, before they are compressed to 1.5 ps
pulses, with >145 mJ transported to the interaction point. The pulse is transported via a vacuum pipe to
the accelerator vault, where it is focused to a 10 micron waist and collides with the focused electron beam
to produce x-rays. The x-rays are then collimated by a multilayer Montel mirror with a 10 mrad
acceptance aperture and a 3% relative energy bandwidth. Both amplifiers are synchronized against
thermal drift via a cross-correlation system with feedback to a delay within the regenerative amplifier
cavity. Beam steering fluctuations during transport for the ICS laser are corrected using a dual-camera
feedback system. We discuss further developments for long-term beam stabilization, diagnostics and
feedback.X-rays generated by the collision are observed with a Ce:YAG scintillator screen located just
after the electron-laser collision point (Fig.2(b)). The x-ray beam has an RMS divergence of 10 mrad, and
a source size of 3-5 um RMS, primarily determined by the focused laser spot size.In conclusion, we
demonstrate an ICS-based hard x-ray source with a compact (~10-meter) form factor that produces
sufficient flux for time-resolved hard x-ray experiments. This source also serves as a prototype for a fully
spatiotemporally coherent XFEL under construction.



3500

ICS laser system
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end stations (right). (b) Image of the x-ray
beam on a scintillator screen approximately
300 mm from the source point.
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The next-generation compact XFEL(CXFEL) will use emittance exchange combined with nanopatterned
silicon gratings to produce microbunched electron beams. Inverse Compton scattering from the
microbunched beam enables a fully spatiotemporally coherent, few-meter-scale XFEL lasing in the soft x-
ray regime (250 eV - 2.5 keV).
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All-optical discovery of ferro-rotational density wave in RTe3
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Detecting unconventional density waves and identifying their underlying mechanisms has been a
significant challenge. In this talk, I will present the discovery of a rare ferro-rotational charge density
wave (CDW) order arising from orbital modulation, which involves a nontrivial order parameter.
Utilizing Raman spectroscopy and quantum interference, we have revealed the first Axial Higgs mode
from CDW GdTe3[1]. Further experiments with Raman and Second Harmonic Generation (SHG) of
Rare-Earth Tritellurides series materials demonstrate that the axial Higgs mode breaks all vertical mirror
symmetries while retaining inversion symmetry. Additionally, SHG and Muon Spin Rotation (Mu-SR)
experiments confirm the absence of time-reversal symmetry breaking. This phenomenon can be explained
by an uncommon combination of orbital and charge order, attributed to the unique quantum geometry of

Rare-Earth Tritellurides.
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I will also discuss how this discovery establishes Higgs spectroscopy as a powerful tool to reveal
un%rc])nventlct)nal Iorders and the potential for controlling experiments to both probe and unlock new states
in these materials.
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The emergent atomically thin layered materials enable the unique control of new phases of matter for
high-performance electronics and optoelectronics. One remarkable example is the recent discovered
nonlinear Hall effect (NLHE) in topological semimetals, which is mediated by their diverging quantum
geometrical properties [1-3]. In this talk, I will report how we leverage this new notion for high-
performance THz optoelectronics and ultrafast electronics. Firstly, I will show our recent demonstration
on high-performance THz sensing devices based on those new discovered effects [4]. In particular, we
investigate the NLHE response in THz regime on a layered type-1l Weyl semimetal in both
noninteracting state and correlated state.
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Leveraging a custom-designed and in-house fabricated plasmonic photosensing device, we attained
ultra-large and tunable photoresponsivity in this atomically thin topological semimetal. Moreover, the
intrinsic response time is down to picosecond level.
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Our findings illuminate a new mechanism for low-energy photon harvesting and transduction via
qguantum properties. Along this line, | will report the ultrafast structural and electronic ordering
dynamics of those topological semimetals to show their potential for ultrafast electronics [5, 6].
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Quantifying transient structure and phonon evolution in
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Photoinduced phase transitions in quantum materials, especially those at high photoexcitation densities,
often involve a transient modification of the lattice structure and phonon population [1-5]. A precise
determination of the lattice and phonon dynamics is hence instrumental in understanding the nature of
the transient state and in unraveling the intricate couplings between different degrees of freedom that
lead to the equilibrium ground state. Such is the case of the photoinduced insulator-to-metal transition in
VO, [1,3,5-7]. In equilibrium, the change in its electrical conductivity upon heating coincides with a
monoclinic (where V atoms are dimerized) to tetragonal lattice change [8]. After photoexcitation,
distinct evolutions of electronic and lattice structure were observed, motivating a plethora of
experimental works in mapping out the transient state [1,7,9-13], where a metastable monoclinic
metastable state may be present [7].
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Fig. 1. a. Schematic of the MeV ultrafast electron diffraction setup, where a double-bend achromatic lens
consisting of a pair of dipole magnets and three quadrupole magnets are used to compress the electron pulse and to
reduce the timing jitter [19].b. Differential electron diffraction intensity at t = 1.5 ps after photoexcitation under a
low fluence (5 mJ/cm? at 240 K) and a high fluence (13 mJ/cm? at 300 K). c. Left: Time evolution of the intensity for
(102) peak (top), (200) peak (middle), and width of (200) peak (bottom). Right: Data up to 20 ps for the intensity of
200 peak and the width of 200 peak under a high fluence. The black dashed line marks the level of relative change
when a 100% M;-R transition occurs based on the thermal transition data. d—f. Schematic of the monoclinic M,
phase with V-V dimers and zigzag chains at t = 0 (d), transient monoclinic structure without V-V dimers and zigzag
chains at t = 200 fs (e), and the R phase at t = 5 ps (f). Orange dots represent the projected positions of V atoms on
the (010) plane. Black lines represent the V-V dimers. Orange lines are a guide for the eyes. Blue quadrilateral
indicates the unit cell using M;-phase’s representation [6]. g, h. Nonequilibrium electron diffuse scattering of
FePSe; at 0.2 ps (g) and 10 ps (h).



However, despite intense efforts, the atomic pathway during the phase transition remains hotly debated,
where issues such as transition timescale [1,5,7,10,12,14] and complications caused by polycrystallinity
[7,10] and transient heating [15] present additional challenges in nailing down the lattice evolution
during the electronic transformation. In the first part of the talk, I will discuss our recent efforts in
synthesizing freestanding quasi-single-crystal VO, films, whose photoinduced structural dynamics was
investigated via MeV ultrafast electron diffraction [6] (Fig. 1la-b).By focusing on a large number of
Bragg peaks in the MeV electron diffraction pattern, we observed that the disappearance of vanadium
dimers and zigzag chains does not coincide with the transformation of crystal symmetry. After
photoexcitation, the initial structure (Fig. 1c) is strongly modified within 200 fs, resulting in a transient
monoclinic structure without vanadium dimers and zigzag chains (Fig. 1d). Then, it continues to evolve
to the final tetragonal structure in approximately 5 ps (Fig. 1f). In addition, only one laser fluence
threshold for different Bragg peaks was observed instead of two thresholds suggested in polycrystalline
samples previously [7], demonstrating the absence of the monoclinic metallic state in our quasi-single
crystalline samples.

In the second part of my talk, I will shift focus from Bragg peaks to diffuse scattering signals in between
the Bragg peaks, which offer a momentum-resolved view of nonthermally populated phonons induced
by photoexcitation. Here, we examined FePSes, a van der Waals antiferromagnet that demonstrates
strong spin-lattice coupling, which, in equilibrium, manifests as chiral phonons that couple selectively to
magnons of the same chirality [16], a strain-tunable symmetry-breaking zigzag antiferromagnetic order
[17], and the concomitance of lattice collapse, spin quenching, and superconductivity under pressure
[18]. Thus, investigating the photoinduced phonon dynamics in FePSe; via diffuse scattering offers an
opportunity to disentangle the spin and lattice degrees of freedom, clarifying the microscopic
mechanism behind spin-lattice interactions. By leveraging the high signal-to-noise ratio and high
temporal resolution in MeV electron diffraction, a clear change in the diffuse pattern was observed from
0.2 ps to 10 ps (Fig. 1f-g), giving us an atomistic view of the phononic response and helping us
understand the out-of-equilibrium coupling between spin and phonon when antiferromagnetism is
transiently suppressed.Our experiments illustrate the need for a quantitative description of lattice and
phonon responses in describing photoinduced phase transitions of correlated systems, highlighting the
exciting opportunities offered by high-energy electron diffraction in investigating phonon-related
interactions in a broad range of quantum materials.
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Ab initio description for propagation and dephasing in

Ultrafast and nonlinear photonics
K. Yabana
University of Tsukuba, Tsukuba 305-8577, Japan

Theoretical and computational description of light-matter interactions fall into two main approaches.
One is numerical electromagnetics, which solves the macroscopic Maxwell equations where properties
of matters are considered in terms of dielectric functions. The other is first-principles quantum
mechanical methods for calculating dielectric functions. The separation of electromagnetism (EM) and
guantum mechanics (QM) is justified by the two conditions: The electromagnetic field of light is
sufficiently weak that the perturbation theory of quantum mechanics can be used to interaction between
electrons and electromagnetic fields. The material through which the light propagates is sufficiently
large to allow a coarse-grained approximation. However, in current frontiers of optical science,
numerous developments have occurred in those areas where EM and QM cannot be separated. For
example, interaction of strong laser pulse with matter causes extremely nonlinear phenomena such as
high harmonic generations. In the interaction of nanostructures and pulsed light, nonlocal responses
caused by quantum effects in nanostructures are often significant. We have been developing a
theoretical and computational method in which EM and QM are combined directly. Employing first-
principles time-dependent density functional theory (TDDFT) for electronic dynamics, we have
succeeded to describe light propagation of extremely strong pulsed light and/or in nanostructures [1,2].
The method has been implemented in an open-source software SALMON that has been developed by
the authors’ group [3]. Fig,1(a) summarizes our theoretical and numerical method [4].
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We describe one-dimensional light propagation through a thin film of dielectrics by solving Maxwell
equation (one-dimensional wave equation) for the vector potential A(X, t), employing a uniform grid for
X-coordinate. At each grid point of X, we consider electronic motion and describe it employing time-
dependent Bloch orbitals, u,,x (7, t). We note that this Bloch orbital depends on the grid index X. The
time-evolution of the Bloch orbitals is described by the time-dependent Kohn-Sham equation, the basic
equation of TDDFT.



Electronic motion is caused by the vector potential A(X,t), and the macroscopic current at X is
calculated from the Bloch orbitalsu,;x(r,t). In this way, we can describe light propagation and
electronic dynamics simultaneously by solving the coupled equations of Maxwell and TDDFT. Since
two grid systems of different resolutions are used, we call it multiscale method. Figure 1(b-d) describe

typical calculations for the light
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changes when the maximum intensity of the pulsed light increases. Fig. 2(a) and (b) show the
reflectance and absorbance of a 50-200 nm-thick thin films irradiated normally with a linearly-polarized
pulsed light of 1.55eV frequency, with the maximum intensity of the pulses on the horizontal axis. At
sufficiently low intensities, the optical response is linear and is described by a dielectric function, as
expected As the intensity increases, multiphoton or saturable absorption takes place. At around 10%
W/cm?, all materials show strong absorption and plasma reflections follow at further strong intensities.

| will discuss nonlinear behavior in the propagation of intense pulsed light, in particular, for high
harmonic generations from semiconductor solids [5] in addition to the systematic behavior described
above. | also pay attention to the ab initio description of dephasing effect. Thermal and zero-point
motion of ions is considered to be responsible for the dephasing effects that has the typical time scale of
10 fs. It can be described by ab initio calculations using large supercell [6]. We examine such effects in
linear and nonlinear regimes.
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Tracking ultrafast non-local charge dynamics in graphene

using on-chip terahertz spectroscopy
K.Yoshioka
NTT Corporation, 243-0198 Atsugi, Japan

The development of ultrafast laser spectroscopies has revolutionized our ability to observe and
manipulate electronic states within solids at the femtosecond timescale. However, current high-
frequency electronics are still confined to the nanosecond or gigahertz regimes. We aim to bridge this
gap by developing ultrafast devices and/or signal processing techniques that operate at the intrinsic
timescales of the materials themselves. To this end, we have developed terahertz (THz) electronics [1]
capable of measuring sub-picosecond responses of electrical currents on a chip using laser-triggered
photo-conductive switches. Specifically, we have achieved ultrahigh-speed optical-to-electrical (O-E)
conversion using a graphene photodetector with operational speeds reaching 220 GHz, and have gained
a comprehensive understanding of the O-E conversion mechanisms [2]. Furthermore, we have
successfully demonstrated the electrical generation, propagation control, and detection of 1.2-
picosecond plasmon wavepackets in graphene, thereby enhancing our understanding of ultrafast
transport properties [3].
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Fig. 1. a: Schematic illustration of the graphene photodetector measurement. b: Frequency response of the
ultrafast O-E conversion with the 3dB bandwidth of 220 GHz. The inset shows te time domain waveform. c:
Schematic illustration of the graphene plasmon measurement. d: Time-domain waveform of the plasmon
wavepackets, showcasing a pulse duration of 1.2 ps. The waveform is reproduced using a plasmon theory that
accounts for the first echo pulse due to an impedance mismatch in the circuit.

We envision that our THz electronics approach will bridge the gap between ultrafast optical science and
device engineering through a detailed understanding of ultrafast non-local charge dynamics in various
van der Waals heterostructures beyond graphene.
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Interplay of valley polarized dark trion and dark

Exciton-polaron in monolayer WSe,
X. Cong*, P. A. Mohammadi', M. Zheng', K. Watanabe?, T. Taniguchi?, D. Rhodes®, X.-X. Zhang *
YUniversity of Florida, Gainesville, FL 32611, USA
“National Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan
3University of Wisconsin Madison, Madison, W1 53706, USA

The interactions between charges and excitons involve complex many-body interactions at high
densities. The exciton-polaron model has been adopted to understand the Fermi sea screening of charged
excitons in monolayer transition metal dichalcogenides (TMD). The results provide good agreement
with absorption measurements, which are dominated by dilute bright exciton responses. The Fermi-
polaron model treats the quasiparticle responses of a single mobile impurity in a surrounding Fermi sea.
In comparison, the exciton density in monolayer TMD can be tuned by laser fluence and be comparable
to or exceed the charge density, where the analogy to a single mobile impurity no longer applies. The
modification to Fermi sea screening at high exciton densities, however, is still not well understood.
Apart from the bright excitons previously studied in reflection contrast measurements, different spin and
momentum dark exciton species have been established, which are also expected to have many-body
interactions with charges. The coupling between these different species of exciton-polarons has not yet
been experimentally investigated.Here we investigate the Fermi sea dressing of spin-forbidden dark
excitons in monolayer WSe, [1]. With a Zeeman field, the valley-polarized dark excitons show distinct
p-doping dependence in photoluminescence when the carriers reach a critical density (see Fig. 1). This
density can be interpreted as the onset of strongly modified Fermi sea interactions and shifts with
increasing exciton density. Through valley-selective excitation and dynamics measurements, we also
infer an intervalley coupling between the dark trions and exciton-polarons mediated by the many-body
interactions.

< Fig. 1. Dark exciton emission from a monolayer
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in amplitude.
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Our results reveal the evolution of Fermi sea screening with increasing exciton density and the impacts
of polaron-polaron interactions, which lay the foundation for understanding electronic correlations and
many-body interactions in 2D systems.
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Transient absorption microscopy of photocarrier transport in solids
H. Zhao
The University of Kansas, Lawrence, KS 66045, USA

Transient absorption microscopy is a noninvasive and nondestructive technique used to study the
transport properties of solid materials. In these measurements, a tightly focused laser pulse injects
photocarriers into the sample, creating a localized carrier density distribution. A time-delayed, tightly
focused, and spatially scanned probe pulse is then used to monitor the spatiotemporal evolution of these
injected carriers. This is achieved by recording the transient absorption of the probe, which reflects the
carrier-induced change in the sample's absorption coefficient. In practice, transient absorption can be
measured through pump-induced changes in either transmittance or reflectance. Recent studies utilizing
transient absorption microscopy to investigate photocarrier transport in solid materials will be presented.
Two graphene-based heterostructures will be discussed. In the first, a graphene monolayer is stacked
with a transition metal dichalcogenide few-layer and an organic semiconductor film. This design enables
unipolar doping of graphene with one type of carrier [1], and fast diffusion of these carriers in graphene
was observed. In the second case, two graphene layers are separated by a type-ll transition metal
dichalcogenide hetero-bilayer. It was shown that the two graphene layers are photodoped with electrons
and holes, respectively.
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Fig. 1. In-plane transport of
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heterostructure.
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Remarkably, electrons exhibit quasi-ballistic transport behavior at room temperature for about 20 ps, as
illustrated in Fig. 1 [2]. Additionally, the latest results on other materials will be briefly reported.
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Magnetism and magnetic phase transitions in CrSBr
L. Zhao
University of Michigan, Ann Arbor, M1 48109, USA

CrSBr is a layered antiferromagnet that has attracted great interest recently, because of its anisotropic
orthorhombic crystal lattice, robust magnetism with a high transition temperature, linearly polarized
excitons with a large binding energy, coupling between magnetism, magnons and excitons, etc. Yet,
when looking into the magnetism of CrSBr more carefully, we noticed an unexpected and
counterintuitive, increasing trend of the magnetic onset temperature as the thickness of CrSBr decreases,
albeit the large uncertainty of the critical temperature for monolayer CrSBr [1].In the antiferromagnetic
phase of CrSBr, the spins are aligned ferromagnetically along the in-plane b-axis direction within the
layer and antiferromagnetically between adjacent layers. This in-plane spin orientation and the vanishing
magnetization pose challenges in directly detecting the magnetic order parameter, especially in the thin
layer limit. Here, we use polarization dependent second harmonic generation (Fig. 1a) to probe the
magnetic order and magnetic phase transitions in bulk CrSBr (Fig. 1b), bilayer CrSBr, and monolayer
CrSBr. For bulk CrSBr, we have identified two magnetic phase transitions, a surface layered
antiferromagnetic phase transition at 140K and then a bulk phase transition at 132K [2] (Fig. 1c). The
fact that the surface orders at a higher temperature than the bulk does is counterintuitive, which reminds
us of the unexpected enhancement of transition temperature in thinner layers. Meanwhile, this enhanced
surface onset temperature and the split between surface and bulk phase transitions have been predicted
in the model of “extraordinary phase transition” for semi-infinite systems with stronger interactions at
the surface than inside the bulk [3]. For bilayer CrSBr, we have captured a single magnetic phase
transition at 140K [5] which is consistent with the literature report [1]. We have further identified the
broken symmetries across this phase transition and shown its consistency with the layered
antiferromagnetic order.
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Fig. 1l.a:Sketch of the experimental geometry of our second harmonic generation measurements. b: The
polarization dependence of second harmonic generation data above and below the magnetic critical
temperature. c: Temperature dependence of the surface, bulk magnetic order, and the bulk magnetization.

For monolayer CrSBr, we have detected a transition temperature as high as 155K [5] which is even
higher than the bilayer case by ~10% and higher than the reported 146K in literature [1]. We note that
this 155K transition temperature in the monolayer CrSBr coincides with the characteristic temperature
scale of the short-range ordering in bulk CrSBr [2,4] (T in Fig. 1c).
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Time domain views of quantum matter at 2D semiconductor interfaces
E. Arsenault, Y. Li, X. Zhu
Columbia University, New York, NY 10027, USA

Two-dimensional moiré interfaces of two dimensional (2D) van der Waals (vdW) crystals constitute the
most versatile material platforms for the exploration of new physical phenomena, particularly emergent
quantum phases. Here, we explore the stability origins of correlated states in WSe,/WS, moiré
superlattices using pump-probe exciton sensing, Fig. 1la & 1b. We find that ultrafast electronic excitation
leads to partial melting of the Mott states on time scales five times longer than predictions from the
charge hopping integrals and that the melting rates are thermally activated, with activation energies of
18+3 and 13+2 meV for the one- and two-hole Mott states, Fig. 1c and 1d. respectively, suggesting
significant electron-phonon coupling. DFT calculation of the one-hole Mott state confirms polaron
formation and yields a hole-polaron binding energy of 16 meV. These findings reveal a close interplay
of electron-electron and electron-phonon interactions in stabilizing the polaronic electron crystal [1]. We
also show distinct time-domain signatures of correlated insulators at fillings of one (v = -1) and two (v =
-2) holes per moiré unit cell in the angle-aligned WSe,/WS, system. Following photo-doping, we find
that the disordering time of the v = -1 state is independent of excitation density (ne), Fig. 1e, as expected
from the characteristic phonon response time associated with a polaronic state. In contrast, the
disordering time of the v = -2 state scales with l/\/n_ex, Fig. 1f, in agreement with plasmonic screening
from free holons and doublons. These states display disparate reordering behavior dominated either by
first order (v = -1) or second order (v = -2) recombination, suggesting the presence of Hubbard excitons
and free carrier-like holons/doublons, respectively.
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Our work delineates the roles of electron-phonon (e-ph) versus electron-electron (e-e) interactions in
correlated insulators on the moiré landscape and establishes non-equilibrium responses as mechanistic
signatures for distinguishing and discovering quantum phases [2].
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Ultrafast imaging of domain wall motion in

Ferroelectric superlattices
A. Zong', J. Chen?, S.-C. Lin, S. Das', E. Berger’, X. Shen®, P. Kramer®, X. Cheng®, F. Ji%, D. Luo®
J. England®, A. Reid®, M. Minitti®, R. Ramesh’, S. Griffin*, D. Flannigan®, M. Zuerch®
'University of California — Berkeley, CA 94720 Berkeley, USA
2University of Minnesota, MN 55455 Minneapolis, USA
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Domain wall propagation in conventional ferroelectric materials under an electric field is often hindered
by disorder and hence its velocity is orders-of-magnitude lower than the speed of sound [1-2]. The
recent discovery of quasi-long-ranged topological polar textures in oxide superlattices-such as polar
vortices and skyrmions [3-7] offers an alternative platform to investigate domain wall motion in
ferroelectrics, where atomic-scale disorder plays a minor role in nanotextures with characteristic size on
the order of 10 nm. Here, we study the domain dynamics of polar textures in a PbTiO3/SrTiOs
superlattice using time-resolved electron diffraction and microscopy extending our earlier works on
studying charge and topological ordering in a putative excitonic insulator [8-10]. Following
photoexcitation, we observed a rapid suppression of the polar texture within 1 ps, where textures within
one domain are preferentially melted.

¢ Electron Fig. 1 Left: Sketch of
Laser probe ultrafast electron
pump microscopy experiment.
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superlattice  domains
forming stripe domain
of two orientations here
shown before
photoexcitation.
Right: Following
photoexcitation
preferential melting of
order in one domain
orientation is observed.

PTO/STO film

Diffraction
pattern

@ Electron optics

@ Micrograph

The selective melting leads to a fast expansion of the other domain, whose boundary propagates near the
sound speed characteristic of the collective motion of nanotextures. The spatiotemporal visualization of
this ultrafast domain wall motion not only yields insights into the fundamental limit of its velocity in
ferroelectric systems but also introduces new possibilities of memory devices based on topological polar
textures.
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